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PREFACE TO SECOND EDITION 


When this book was published originally under the title 
“Overhead Electric Power Transmission,” its suitability for use 
as a College text had not been seriously considered. It has, 
however, been used by a large number of technical schools and 
colleges, and while the restricted scope of the book may limit 
its suitability as a text for college students, the changes and 
additions which will be found in this new edition should, in the 
author’s opinion, enhance its value as a college text without 
detracting from its usefulness in the field of practical engineering. 

The principal addition—which has necessitated an alteration 
in the title—is an entire chapter treating of Underground Con- 
ductors. This has been written with the kind assistance of 
Mr. C. J. Beaver who has not only furnished most of the data 
relating to underground cables, but has also read and criticised 
the matter presented in Chapter VII. 

A portion of the material which was originally contained in the 
Appendix has been incorporated in the text; but much of the first 
edition has been entirely omitted, either because its inclusion 
is no longer necessary owing to the rapid strides that have been 
made of late years in. the general knowledge of electrical power 
transmission, or because it has been replaced by new material 
believed to be of more value to the student or practical engineer. 

The chapter describing the Thury system of transmission by 
continuous currents has been retained with only slight changes 
and additions. It has not been deemed expedient to omit this 
entirely because, although few American engineers have taken 
the trouble to familiarize themselves with this system of trans- 
mission, there are conditions under which it has certain in- 
disputable advantages which European engineers have not been 
slow to recognize. 

The costs, both of material and labor, which are given in 
Chapter III, are not representative of market conditions on or 
about the date of publication of this book. Their principal 
use is to give an idea of the relative costs of different parts of a 
transmission system. They are based on trade conditions 
prevailing during the two or three years immediately preceding 
the war. A. STILL. 


PurpugE UNIVERSITY, 
La Fayerren, INDIANA, 
June, 1919. 


PREFACE TO FIRST EDITION 


Although this book treats mainly of the fundamental principles 
and scientific laws which determine the correct design of over- 
head electric transmission lines, it has been written primarily 
to satisfy the needs of the practical engineer. An attempt has 
been made to give the reasons of things—to explain the deriva- 
tion of practical methods and formulas—in the simplest possible 
terms: the use of higher mathematics has been avoided; but 
vector diagrams, supplemented where necessary with trigono- 
metrical formulas, have been freely used for the solution of alter- 
nating-current problems. It is therefore hoped that the book 
may prove useful, not only to the practical designer of trans- 
mission lines, but also to those engineering students who may 
wish to specialize in the direction of Power Generation and 
Transmission, for these will find herein a practical application 
of the main theoretical principles underlying all Electrical 
Engineering. 

The subject is treated less from the standpoint of the construc- 
tion engineer in charge of the erection work, as of the office 
engineer whose duty it is to make the necessary calculations 
and draw up the specifications. The considerations and practi- 
cal details of special interest to the engineer in charge of the 
work in the field have already been presented in admirable form 
by Mr. R. A. Lundquist in his book on Transmission Line 
Construction. 

Much of what appears in these pages is reprinted with but 
little alteration from articles recently contributed by the writer 
to technical journals; but in the selection and co-ordination of 
this material, the scheme and purpose of the book have steadily 
been kept in mind. 

Systems of distribution, whether in town or country, are not 
touched upon: the subjects dealt with cover only straight long- 
distance overhead transmission. It is true that, when treating 
of lightning protection, it is the machinery in the station buildings 
rather than the line itself that the various devices referred to are 
intended to protect; and, when considering the most economical 

vil 
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system of transmission under given circumstances, a thorough 
knowledge of the requirements and possibilities in the arrange- 
ment of generating and transforming stations is assumed; but 
these engineering aspects of a complete scheme of power develop- 
ment are not included in the scope of this book. 

In the Appendix will be found reprints of some articles dealing 
with theoretic aspects of long-distance transmission which, 
although believed to be of interest to anyone engaged on the 
design of transmission lines, are not essential to the scheme of 
the book. In the Appendix will also be found complete speci- 
fications for a wood pole and steel tower line respectively: these 
should be helpful, not so much as models for other specifications 
—every engineer is at liberty to draw these up in his own way— 
but rather as containing suggestions and reminders that may be 
of service when specifying and ordering materials for an actual 
overhead transmission. 

The writer desires to thank the editors of the following tech- 
nical journals for permission to reprint articles or portions of 
articles which they have published from time to time: Electrical 
World, New York; Electrical Times, London; Canadian Engineer,. 
Toronto; Western Engineering, San Francisco; Journal of Elec- 
tricity, Power, and Gas, San Francisco. 

Purpuxr UNIvErRsITy, 


La Fayerts, INDIANA, 
August, 1913. 
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LIST OF SYMBOLS 


= area of cross section. 

= temperature-elongation coefficient. 

= percentage to cover annual interest and depreciation. 
Gh F 

= ap itt capacity formulas. 

= magnetic flux density (gauss). 

= Brown and Sharpe wire gauge. 

= barometric pressure: cm. or inches of mercury. 

= electrostatic capacity (tarad). 

= electrostatic capacity; microfarads (usually per mile of con- 
ductor). 

= effective equivalent capacity, core to neutral, of underground 
cables. 

= flux density in electrostatic field (coulombs per sq. cm.). 

= butt diameter of wood pole. 

= distance between centers of parallel wires. 

= diameter of wood pole. 

= diameter of wood pole at ground level. 

= electromotive force (e.m.f.): difference of potential (volts). 

= voltage between lines at receiving end. 

= voltage, line to ground, on A. C. system (in comparison with 
ID). (a) 

= voltage between wire and neutral (usually at receiving end). 

= disruptive critical voltage (corona)—(r.m.s. value of sine wave). 

= “economic” ohmic drop, in volts per mile of conductor. 

= visual critical voltage (corona). 

= e.m.f.—usually volts. 

= electromotive force. 

= wind pressure: lb. per sq. ft. 

= frequency (number of periods per second). 


F D : 
= potential gradient = Ek (volts per centimeter). 


= potential gradient at which corona begins to appear. 

= height of pole or tower (feet or inches; refer to text). 

= intensity of magnetic field; magnetizing force (gilbert per 
centimeter; or gauss). 

= depth of footing below ground level (Art. 167)—feet. 

= difference in level between two points of support of overhead 
wire (feet). 

= horsepower. 


= current (amperes). 
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LIST OF SYMBOLS 


I = moment of inertia of pole section (Art. 151). 


Ia 
I. 
if 


M 
(M) 


” 


(m) 

Mo 

My 
m.m.f. 
Y 

n 


= 


n 


ees 


J 


current in three-phase line (in comparison with D. C.). 
capacity—or charging—current (amperes). 

total line current at a given point when current varies on 
account of distributed capacity. 
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material. 
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inductance, or flux-linkages per unit current (henry). 

internal inductance of straight conductor. 
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= ground-level radius of cone of earth to be lifted by tower leg 
(itn) 

= resistance (ohm): Resistance of one conductor of a trans- 
mission line. Resistance per mile of one conductor. 

= reluctance (oersted). 

= non-inductive resistance in ground connection from lightning 
arrester. 

= resistance per mile of wire (three-phase, in comparison with 
D. C. system). 


; = insulation resistance (megohms of one mile of cable). 


= joint resistance of all conductors of a transmission line con- 
nected in parallel. 


r = radius or semi-diameter of cylindrical conductor. 
r = least radius of gyration (inches). 
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= stress (Ib. per square inch). 

= vertical sag (feet). 

= maximum deflection of wire from straight line joining points 
of support (line on an incline). 


, = stress at ‘critical’? temperature. 
, = sag at “critical”? temperature. 


= maximum stress. 
= temperature rise (degrees Centigrade). 
= temperature (degrees Centigrade or Fahrenheit; refer text). 
= interval of time (usually seconds). 
= constant defining taper of wood poles (Art. 147). 
“critical”? temperature—degrees Fahrenheit (sag-temperature 
calculations). 
= velocity of wind (miles per hour). 
= volume of frustrum of cone (cubic feet). 
volts between lines at generating end. 
= reactive voltage drop due to “internal reactance” only. 
volts between wire and neutral at generating end. 
= power (watts). 
= resultant pull on corner pole (Ib.). 
= total /?R loss in conductors of a transmission line. 
= weight per foot length of overhead wire (lb.). 
= resultant or total load on wire (lb. per foot). 
= reactance (ohms). 
= impedance (ohms). 
= section modulus; being ratio 
moment of inertia of section 


distance of center of gravity from edge of section 
= current density (amperes per square inch). 
= air density factor (corona formulas). 
= deflection at top of pole or tower (inch). 
= an angle: cos 6 = power factor of load (usually at receiving end 
of line). 
= angle between direction of transmission line and horizontal line 
in the same vertical plane. 
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6 = angle of natural slope of earth. 
d = length of wire between two points of support (feet). 
r. = length of wire at “critical temperature” in still air. 
he = change in length of overhead wire (feet). 
mM = magnetic permeability = B/H. 
a = 3.1416 (approximately). 
p = resistivity, or specific resistance (megohms per centimeter cube). 
® = magnetic flux (maxwell). 
yg = an angle; usually the power factor angle at sending end of line. 
cos ¢ = power factor of insulated cables on open circuit. 
W = dielectric flux (coulomb). 
w = Qnf. 


ELECTRIC POWER TRANSMISSION 
PRINCIPLES AND CALCULATIONS 


CHAPTER I 
INTRODUCTORY AND GENERAL 


Energy can be transmitted electrically by conductors placed 
either above or below ground. The cost of a system of under- 
ground insulated cables is always higher than that of an equiva- 
lent overhead transmission; but there are conditions, especially 
in Europe, under which overhead wires are not desirable or per- 
missible, and the whole or a portion of the transmission line must 
then be placed underground. 

The electrical transmission of energy over long distances at 
high pressures must necessarily be by overhead conductors, and 
even at the lower pressures—up to about 45,000 volts, beyond 
which underground cables would not be suitable—by far the 
greater number of transmission lines are overhead. It follows 
that this book is mainly concerned with the problems of overhead 
electric power transmission; but since underground cables may 
have to be used in certain sections of a proposed transmission 
scheme, their characteristics, uses, and limitations, will be dis- 
cussed in Chapter VII. 

An overhead electric power transmission line, consisting as it 
does of wires stretched between insulators on poles or structures 
the main purpose of which is to maintain the conductors at a 
proper distance above the ground level, may appear at first sight 
to be a very simple piece of engineering work. It is indeed true 
that the erection of an overhead line of moderate length, capable 
of giving good service on a comparatively low-pressure system, 
‘does not present any insurmountable difficulties to a man of 
ordinary engineering ability; but whether or not such a line will 
be the best possible line for the particular duty required of it, 
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depends very much upon the knowledge, skill, and experience of 
the designer. By the best line should be understood a line 
which is not only substantially and lastingly constructed, but in 
connection with which economic considerations have not been 
overlooked. 

It is an easy matter to design a bridge of ample strength for the 
load it has to carry, or a transmission line with conductors of so 
large a size, insulators with so large a factor of safety, and supports 
so closely spaced and strong, that the electrical losses will be 
small and the risk of mechanical failure almost nil; but neither 
the bridge nor the transmission line will reflect credit on the de- 
signing engineer unless he has had before him constantly the 
commercial aspect of the work entrusted to him, and has so 
chosen or designed the various parts, and combined these in the 
completed whole, that all economic requirements are as nearly 
as possible fulfilled. 

In the construction of electrical plant and machinery, such as 
generators, transformers, and switching apparatus, the economic 
conditions are, as it were, automatically fulfilled, owing to the 
competition between manufacturers, each one of which is a spe- 
cialist in his own particular line of business. This competition, 
it should be observed, is not merely in the matter of works cost or. 
selling price, but in works cost plus efficiency and durability. 
It is not necessarily the cheapest nor the most costly manufac- 
tured articles that wins in the long run, but the one which is 
commercially best suited to the needs of the user. 

In the lay-out of power plants; in the development of natural 
power resources and the transmission of electric energy from 
water falls or coal fields to the industrial centers, the engineer, 
who may or may not be influenced by possibly conflicting finan- 
cial interests, has much scope for the reckless and unwise expen- 
diture of other people’s money. He must resist this temptation 
—if temptation it be—and devote himself to the careful study of 
all engineering problems from the economic standpoint. 

The cost per mile of a finished transmission, whether by over- 
head or underground conductors, is not all-important. It 
may frequently be said to be of importance only in so far as it 
influences the annual cost of the line, which annual cost is under- 
stood to include interest on the capital sum expended on the line. 
If a heavy section of copper is used for the conductors, the loss 
of energy in overcoming resistance will be less than with a lighter 
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section, but the initial cost will be greater: there is only one par- 
ticular size of conductor which is economically the right size 
for any given line operating under definite conditions, and this 
is by no means easy to determine notwithstanding the apparent 
simplicity of what is usually referred to as Kelvin’s Law. 

Efficiency of service, which includes reasonably good voltage 
regulation and freedom from interruptions, must necessarily be 
merged into the all-important question of cost. By duplicating 
an overhead transmission line and providing two separate pole 
lines, preferably on different and widely separated rights of way, 
insurance is provided against interruption of service over an 
extended period of time; but whether or not such duplicate lines 
shall be erected must be decided on purely economic grounds. 

Again, “lightning arresters may be provided in abundance at 
frequent intervals along an overhead transmission line, and 
assuming—what is not necessarily the case—that such profusion 
of protective devices will prevent interruptions which are other- 
wise liable to occur through lightning disturbances, it does not 
follow that they should be installed. Examples of this kind can 
be cited to an almost unlimited extent, and, in Chapter III 
which deals especially with economies, an attempt will be made to 
indicate a mode of procedure in designing a transmission line 
from this, the only standpoint of importance to the engineer; but 
the question is a large one which cannot adequately be dealt with 
by set rules or formulas. In such cases as the design of support- 
ing structures, when the calculations for strength have been made, 
it isthe designer of the transmission line and not the manufacturer 
of the steel tower who shall decide upon the factor of safety to be 
used, for this is the prerogative of the man who is going to be 
held responsible for the commercial success of the undertaking. 
If he is incompetent or timid, he will allow too high a factor of 
safety, or follow blindly in the footsteps of others who may have 
been equally incompetent or timid. If he is sure of himself, and 
has carefully checked his calculations and deductions, he may 
depart from precedent and construct a line which is cheaper— 
not only in appearance, but in fact—that any line previ- 
ously constructed under similar conditions and within the same 
limitations. 

It is commonly supposed that wood poles with pin type 
insulators, spaced something less than 200 feet apart, should be 
used on small-power lines working at low or medium pressures; 
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yet there are conditions under which light steel “A” frames, 
or latticed poles, may with advantage replace wooden poles. In 
some cases taller steel structures with long spans might even 
prove to be the better construction from the economical stand- 
point. On the other hand, when a large amount of power has to 
be transmitted over long distances at high pressure—in which 
case the suspension type of insulator is almost a necessity—it 
does not follow that tall, rigid, wide-base, steel towers, spaced 
about eight to the mile, should necessarily be adopted. The 
so-called ‘‘flexible’’ steel structures, with somewhat closer 
spacing, may prove more desirable for several reasons apart from 
the costs of material and erection. Even wood poles may have 
advantages over steel structures, especially when the right kind 
of wood pole is readily obtainable, and when the cost of transport- 
ing the steel structures from factory to site is an important 
item of the total cost. The engineer should be slow to decide 
upon the kind of structure and average length of span best suited 
to the character of the country through which the line will be - 
carried. As an illustration of the fact that no particular type 
of construction is suitable under all conditions, it is interesting 
to note that, of the important electric power lines in all parts of 
the world, transmitting energy at pressures exceeding 50,000 volts, . 
the total mileage is about equally divided between the wood pole 
and steel tower types of construction. A good example of wood 
poles used for high-pressure power transmission is the 100,000- 
volt three-phase transmission line of the Montana Power Com- 
pany, where each supporting structure consists of two 45-foot 
cedar poles connected at the top by a single cross-arm, but pro- 
vided with no additional bracing or stiffening members between 
the poles. This line runs from Great Falls to Deer Lodge, 
Montana, a distance of 140 miles; it consists of three No. 4/0 
copper conductors, and supplies power to the Chicago, Milwaukee 
& St. Paul Railway. 

The climate and probable weather conditions will obviously 
have an important bearing on the safe span limit and mechanical 
design of the line generally. The effects of wind and ice will 
be referred to in Chapter IX. 

A knowledge of the country through which an overhead trans- 
mission line is to be carried is essential to the proper design of 
the line and supporting structures: Without a knowledge of 
the natural obstacles to be reckoned with, including the direction 
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and probable force of wind storms, and whether or not these 
may occur at times when the wires are coated with ice, the nature 
of the supports and the economical length of span cannot prop- 
erly be determined. On the Pacific coast, where there is rarely, 
if ever, an appreciable deposit of sleet on overhead conductors, 
it is possible that the spacing of supports may generally be greater 
than in countries where the climatic conditions are less favorable. 
At the same time, it has been observed, in districts where the 
winters are severe and sleet formation on conductors of frequent 
occurrence, that the effects of storms in winter on wires heavily 
weighted with ice, and offering a largely increased surface to the 
wind, are less severe than in summer when much higher wind 
velocities are sometimes attained. These examples are here 
mentioned to emphasize the necessity for a thorough investiga- 
tion of local conditions before starting upon the detailed design 
of a proposed transmission line. 

There are obviously many preliminary matters to be considered 
and dealt with before the actual details of design can be proceeded 
with; but, although many of these are partly, if not wholly, 
engineering problems, they cannot adequately be dealt with in 
the limits of this book, or indeed within the limits of any book, 
since the differences in local conditions, in the scope and commer- 
cial aim or end of a transmission system, makes it next to im- 
possible to formulate rules or devise methods of procedure which 
can be of general utility. 

Assuming that it is proposed to transmit energy electrically 
from a point where the power can be cheaply generated to an 
industrial or populous center where there is a demand for it, a 
straight line drawn on the map between these two points will 
indicate the route which, with possibly slight deviations to avoid 
great differences in ground level, would require the smallest 
amount of conductor material and the fewest poles or supporting 
structures. There may be natural obstacles to the construction 
of so straight a line, as for instance, lakes that cannot be spanned, 
or mountains that cannot be climbed; but even the shortest 
route which natural conditions would render possible is by no 
means necessarily the best one to adopt. The right of way for 
the whole or part of the proposed line may have to be purchased, 
and the cost will often depend upon the route selected. By 
making a detour which will add to the length of the line, it may 
be possible to avoid crossing privately owned lands where a high 
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annual payment may be demanded for the right to erect and 
maintain poles or towers. Again, by paralleling railroads or 
highways, the advantage of ease of access for construction and 
maintenance may outweigh the disadvantage of increased length. 
A slightly circuitous route may take the transmission line near to 
towns or districts where a demand for power may be expected 
in the near future; and such possibilities should be taken into 
account. The engineer in charge of the preliminary survey work 
(a section of transmission-line engineering which is not dealt with 
in this book) should bear all such points in mind and compare the 
possibilities of alternative routes. On a long and necessarily 
costly transmission line, it is rarely possible to spend too much 
time and though on the preliminary work. Money so spent is 
usually well spent, and will result in ultimate economies. 

Coming now to the problems of a more strictly engineering 
nature, one of the first things to be decided upon is the system 
of electric transmission, whether it shall be by continuous cur- 
rents with its simple two-wire circuit and ideal power factor, or 
by single- two- or three-phase alternating currents with manifold 
advantages in respect to pressure transformations and adapta- 
bility for use with commutatorless motors, but handicapped by 
low power factors and other complications due to the inductance 
and electrostatic capacity of the circuit. 

Although nearly all long-distance transmissions—especially 
on the continent of America—are by three-phase currents, the 
other systems will be referred to briefly in the following chapter; 
and since, with the latest improvements in continuous current 
machinery, the series system of power transmission by continuous 
currents may, under favorable conditions, hold its own in this 
country as it does in Europe, an entire chapter will be devoted 
to a discussion of the points for and against the use of continuous 
currents on long-distance power transmission lines. 

The question of underground cables versus overhead con- 
ductors does not give rise to so much discussion in America, as it 
does in Europe. Apart from the limitation of voltage, which 
renders underground cables unsuitable for long-distance trans- 
mission, the cost of an underground system of conductors will 
generally be at least twice that of the equivalent overhead con- 
struction. The difference in cost is more noticeable in America 
where reasonable factors of safety in overhead construction have 
been adopted, than in Europe, and especially in England where 
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legislation has in the past been generally unfavorable to the devel- 
opment of electrical transmission. Factors of safety of 10 for 
wooden poles, 6 for steel structures, and 5 for overhead con- 
ductors, with a maximum wind pressure of 30 Ib. per square 
foot, are not likely to encourage the construction of overhead 
lines; yet these figures are insisted upon by the British Board of 
Trade. A factor of safety of 5 for an elastic and moderately 
flexible system of overhead wires in a country rarely subject to 
severe sleet and wind storms, seems to have been selected on 
purely arbitrary grounds. So high a figure is especially objec- 
tionable in that it involves extra tall structures or uneconomically 
short spans, if the wires are to clear the ground at a reasonable 
height. In any case, overhead conductors hanging in festoons 
would not be considered good engineering practice in this coun- 
try. From the artistic point of view, the unsightly appearance 
of innumerable poles and wires does not appreciably perturb the 
average American, whereas it may surely be said that a conges- 
tion of high- and low-voltage circuits as seen in Fig. 1,' would 
not be tolerated in the vicinity of the smallest hamlet in England. 
These reasons account for the more frequent use of high-tension 
underground cables in Europe than in America, notwithstanding 
the fact that interruptions due to lightning are far more liable 
to occur here than there. 

The choice of system and determination of the most economical 
transmission voltage involve a knowledge of the cost and effi- 
ciency of generating and transforming machinery and controlling 
gear. It is obvious that a system of transmission that appears 
good owing to the low cost and high efficiency of the line itself, 
may yet be unsuitable and uneconomical because of the high cost 
or unsatisfactory nature of the machinery in the generating and 
recelving stations. 

Apart from capital investment and power efficiency, a factor 
of the greatest importance, almost without exception, is efficiency 
and continuity of service. At the present time, the weakest 
link in a power system with long-distance transmission is proba- 
bly the line itself. Electrical troubles may be due to faulty in- 
sulation, or they may have their origin in lightning or switching 
operations causing high frequency oscillations and abnormally 
high voltages, leading to fracture of insulators or breakdown of 
machinery. Troubles are more likely to be due to mechanical 

1 Photograph kindly supplied by Messrs. Archbold Brady and Co. 
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defects, or mechanical injuries sometimes difficult to foresee and 
guard against. Trees may fall across the line, landslides may 
occur and overturn supports, or severe floods may wash away 
pole foundations; and against such possibilities the engineer must, 
by the exercise of judgment and foresight, endeavor to protect 
his work. The width of the right of way should depend upon 
the height of trees, and be so wide that the tallest tree can- 
not fall across the wires; poles and towers should, if possible, be 
kept away from the sides of steep hills where the nature of the 
ground suggests the possibility of falling stones or of landslides; 
and, in regard to floods, the inhabitants of the districts through 
which the line passes are usually able to furnish information of 
use in indicating where trouble from this cause may be expected. 
Other causes of mechanical failure are storms of exceptional vio- 
lence, either with or without a heavy coating of ice on the con- 
ductors. When strong winds blow across ice-coated wires, the 
danger is not only that the wires themselves may break, but also 
that the resulting horizontal loading of the poles or towers 
may be great enough to break or overturn them. 

Faulty mechanical design of the line as a whole, and improper 
supervision or inspection during construction, will account for 
many preventable interruptions to service. The transmission 
line considered as a mechanical structure will be dealt with at 
some length in Chapters IX and X, and the sample specifica- 
tions for a wood pole and steel tower line respectively (see Appen- 
dices II and III), together with detailed material schedules with 
approximate costs, given in Chapter III, will cover some practical 
details which should be helpful when designing a transmission 
line to operate under generally similar conditions. 

Although the electrical and mechanical qualities of insulators 
and conductor materials are necessarily somewhat dependent 
upon each other, an attempt will be made to deal almost exclu- 
sively with electrical calculations and the electrical character- 
istics of transmission lines in the following chapter, and again 
in Chapters IV, V, and VI. The chapter treating particularly . 
of the economic aspect of transmission-line design will follow 
immediately after Chapter II, because it is well to determine 
provisionally the system and voltage likely to be most suitable 
for a given scheme, before entering into the more detailed calcu- 
lations of line losses and regulation, and considering the practical 
requirements in matters of insulation and lightning protection. 


Fic. 1.—Overhead wires, steel towers, and poles. 
(Facing Page 8) 
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Before closing this chapter it may be well to refer to a few mat- 
ters of general interest that are not dealt with in succeeding 
chapters. 

Except for the sample specifications in the Appendix, pre- 
viously referred to, no attempt has been made to describe com- 
plete transmission lines, with details of construction and 
operation; but the more purely practical details of construction 
have already been admirably presented by Mr. R. A. Lundquist 
in his book on Transmission Line Construction,! to which the 
reader is referred. Descriptions of underground cable systems, 
together with a complete presentation of the more practical 
aspects of energy transmission by underground cables, will 
be found in Mr. E. B. Meyer’s book on Underground Trans- 
mission and Distribution.+ 

In the matter of crossing highways or railroads with high- 
tension conductors, the engineer will usually have to abide by the 
rules and regulations of the local authority or railroad company, 
however unreasonable or unnecessary the particular requirements 
may be. The modern tendency is to avoid a multiplicity of 
devices intended to catch falling wires or ground them in the 
event of a breakage, and to rely mainly on short spans and 
exceptionally sound mechanical construction at places where 
the falling of charged wires would be a menace to life, and cause 
an interruption to traffic. 

Reverting again to the all-important matter of uninterrupted 
service, it is obvious that reasonable provision should be made 
for the early resumption of service in the event of stoppage. 
When two parrallel lines are run all the way between generating 
and receiving stations, it is usual to provide section switches 
and by-pass connections about every 20 miles, at the points 
where patrolmen are stationed. Even if the line is not dupli- 
cated, it is usually wise, on important systems, to have patrol- 
men’s houses every 15 or 20 miles, depending on the character 
of the country. Emergency houses, containing tools and sun- 
dry line materials such as wire and spare insulators, should be 
provided midway between the patrol houses. 

For communication between generating station and patrolmen 
and substations, a telephone circuit is almost essential. This can 
be run on the same poles or towers as the high-tension conductors; 
‘but, if possible, it should be run on separate -poles. The extra 
1 McGraw-Hill Book Co. ; 
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cost of a separate pole line for telephone wires is, however, the 
reason for these wires being frequently supported on the same 
poles as the transmission wires, This leads to trouble in the 
case of a ground on the high-tension wires and, indeed, almost 
invariably when there is a fault on the power system, except, of 
course, when the power service is entirely interrupted. Even 
when carried on a separate pole line, the telephone circuit is 
liable to be useless at times when it is most needed, and for this 
reason it is not unusual, on important lines, to provide telegraphic 
instruments in addition to the telephones, and men that are 
telegraph operators at the ends of the line and also at any inter- 
mediate points where switching stations may be provided. 

Closely related to the matter of continuous and efficient 
service is the question of duplication of lines, already referred to. 
This has to be decided mainly on economic grounds; but, at the 
same time, the purely engineering difficulties may become very 
serious if an attempt is made to transmit very large amounts of 
power on a single set of conductors. It is not possible to lay 
down definite rules as to the practical limit for a single line; 
this will depend on the distance and voltage, and therefore on the 
current to be carried per conductor; but if the power to be trans- 
mitted exceeds 30,000 kw., it would generally be wise to duplicate 
the conductors, even if carried on the same set of supporting 
towers; and if the total power exceeds 60,000 kw., two separate 
tower lines, either on the same right-of-way or (preferably) 
following different routes, will, in most cases, lead to ultimate 
economy. 

Among recently established long-distance high-voltage trans- 
mission systems, the Big Creek to Los Angeles line of the Pacific 
Light and Power Co. is one of the most important. It is designed 
for an operating pressure of 150,000 volts and an ultimate ca- 
pacity of 300,000 kilowatts. At present there are two steel- 
tower three-phase lines, running parallel over a total distance of 
240 miles, with an average distance of about 660 feet between 
towers. The line was put into operation in 19138. Other im- 
portant lines are those of the Au Sable Electric Co. from Battle 
Creek to Au Sable, Mich. (245 miles), and of the Southern Sierras 
Power Co. (238 miles), both operating at 140,000 volts. The 
latter which was put into operation in 1915, departs somewhat 
from previous practice in that it includes many outdoor sub- 
stations, 
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The 60,000-volt system of the Texas Power and Light Co. 
is also noticeable for its outdoor substations, which are used 
exclusively throughout the system. The present-day tendency 
appears to be toward the more frequent use of outdoor substations 
where not only the section disconnecting switches, but also 
transformers, lightning arresters, and indeed all high-tension 
equipment, are exposed to the weather. The control of: local 
feeder circuits at the lower pressures would be by means of 
switch-panels in cheaply constructed houses erected near the 
transformers. 

It is well to bear in mind that the introduction of automatic 
switches and similar devices designed to save labor and ensure 
the rapid changing over of the load from a faulty section to a 
sound section on a duplicated transmission line, is liable to lead 
to unlooked-for troubles; and even the generous provision of 
lightning arresters, especially on the extra-high-tension lines, is 
not necessarily good policy. Simplicity, and the avoidance of 
unnecessary joints, rubbing contacts (as in switches or cut-outs), 
fuses in the stations, and spark gaps or arresters along the line, 
should generally be aimed at; but there will always be exceptions 
to such rules. 

Careful design in the matters of material, size and spacing of 
conductors, and in methods of support and insulation, together 
with scientific selection and lay-out of poles or towers, will lead 
to the construction of transmission lines which may ultimately 
prove to be the strongest instead of the weakest links in power 
transmission schemes; and this without the addition of more 
or less complicated and unreliable automatic and_ so-called 
protective devices, and at a cost which will make long-distance 
power transmission propositions more attractive from the stock- 
holder’s point of view than they have been in the past. 

There has been too much speculation and too little business 
connected with many of the existing power transmission under- 
takings, especially where water power is available. The almost 
ideal conditions at Niagara, due to an enormous amount of energy 
being available in the proximity of industrial cities and centers of 
population, are probably unique. There are few, if any, other 
water power sites in the world where the conditions are so favor- 
able. If competent and honest engineers were always employed 
by promoters of water power developments, for electrical trans- 
mission purposes, and if the reports or advice of such experts were 
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acted upon, there would be fewer undertakings carried out in the 
wrong manner. In determining the magnitude of any proposed 
development, and the distance beyond which it would be un- 
economical to transmit the energy, a valuation should be made on 
the basis of the kilowatt-hours per year available for which there 
zs, or ts likely to be, a market. This involves experience, together 
with business and engineering judgment of a high order, on the 
part of those responsible for the capital invested; and although 
there are many water power sites—especially with comparatively 
low heads—which still await development, the engineering prob- 
lems in connection therewith are never so simple as to render 
unnecessary a great deal of investigation and careful thought 
before the nature of the development and the best manner of 
carrying out the work can be properly determined. 
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CHAPTER II 
ELECTRICAL PRINCIPLES AND THEORY—ELEMENTARY 


The purpose of an electric transmission line is to transmit 
energy from one place to another; and it is the engineer’s business 
to design and construct such a line to fulfil its purpose in the best 
and most economical manner. 

The system to be adopted will affect the design of the gener- 
ating plant and of the motors or other devices through which the 
electric energy at the receiving end of the line is converted for 
industrial purposes or public utility; but, in this chapter, refer- 
ences to alternative systems will be made only for the purpose of 
comparing them in the matter of line efficiency. 

1. Losses in Transmission.—The principal cause of loss of 
power in a transmission line is the resistance of the conductors. 
For a given section of conductor, the power dissipated in the form 
of heat, in overcoming the ohmic resistance, is proportional to 
the square of the current. <A definite amount of power can there- 
fore be transmitted with less loss when the voltage is high than 
when it is low; but, on each particular transmission, there is a 
limit to the pressure beyond which there is nothing to be gained 
in the ma ter of economy. This limit is determined by the cost 
of generating and transforming apparatus (which will be greater 
for the higher voltages), by the greater cost of insulators and of 
the line generally—owing to the larger spacing required between 
wires—and also, when extra high pressures are reached, by the 
fact that the power dissipated is no longer confined to the [’k 
losses in the conductors, but occurs also in the form of leakage 
current over insulators, and in the air surrounding the conductors. 
The means of calculating the dielectric losses will be explained in 
Chapter V, when treating of corona formation; and a method 
for determining the best voltage of transmission under any 
given conditions, will be outlined in Chapter III, because this 
is essentially an economic problem. For the present it 1s assumed 
that a total amount of power amounting to W watts has to be 
transmitted over conductors of known resistance; and losses 
through leakage or corona will be considered negligible. 

13 
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2. Transmission by Continuous Currents.—If E is the voltage 
between: the outward and return wires at generating end, the 
current is 


W 
IT = — 
E 
and the losses in transmission are, 
Vd Se fog 


where #& is the resistance of one conductor only. The loss of 
pressure per wire is 


RxXI1 


The fact that continuous currents are not extensively used for 
the transmission of power to a distance is due mainly to the 
difficulty of providing sufficiently high pressures to render such 
transmission economical, and also to the necessity for using rotary 
machines with commutators to convert the transmitted energy 
into convenient form at the distant end of the ine. The modern 
aspect of long-distance transmission by means of continuous 
currents will, however, be dealt with at some length in Chapter 
VIII. 

3. Transmission by Single-phase Alternating Currents.—The 
advantage that alternating currents have over direct currents is 
in the ease with which pressure transformations can be effected 
be means of static converters. On a constant-potential system, 
the distribution of power in scattered districts, at any voltage 
desired by the consumer, is a very simple matter. 

In a single-phase two-wire transmission, the conditions would 
be similar to those of a direct-current transmission if not only the 
load, but: the line also, could be considered as being without 
inductance or electrostatic capacity. The current and the line 
losses would then be the same as if the transmission were by con- 
tinuous instead of alternating currents. 

In practice the inductance must always be reckoned with where 
alternating currents are used; this inductance is not only that 
introduced by the load (usually consisting in large part of induc- 
tion motors), but is partly in the line itself, owing to the loop 
formed by the outward and return conductors. The charging 
current due to the capacity of the line is of less account on low- 
voltage transmissions, but becomes of considerable importance 
on long lines working at high pressures. The effects of induct- 
ance and capacity will be explained later. 
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Another difference between alternating and continuous cur- 
rents is the fact that an alternating current has the effect of 
apparently increasing the resistance of the conductor; this is 
due to the uneven distribution of the current over the cross- 
section of the conductor. A small percentage of the alternating 
flux of induction is in the material of the conductor itself, and 
this generates counter e.m.fs. which are somewhat greater near 
the center of the wire than at the circumference, the result being 
that the current density becomes greater near the surface of the 
wire than in the center portions. This phenomenon is known as 
the skin effect. The additional resistance offered to the passage 
of alternating currents, and the correspondingly increased [?R 
losses are, however, small and generally of negligible amount on 
low frequencies, unless the cross-section of the conductor is very 
large; it is with the higher frequencies that this effect becomes of 
importance. Means of calculating increase of resistance due to 
skin effect will be given in Chapter IV. 

4. Transmission by Two-phase Currents.—If four separate 
wires are run from generating to receiving station, as indicated 


Load 


Fia. 2.—Two-phase transmission with four wires. 


in Fig. 2, and if the load is the same on both circuits, the total 
power transmitted, on the assumption of negligible inductance, 1s 


W = 2HI 


where £ stands for the terminal voltage /; or E, of either section 
at the receiving end; these pressures being assumed equal. The 
pressure lost in transmission is 2k X J, and the watts lost are 
2(2R X I); the system being simply a transmission of energy 
by means of two independent single-phase circuits. It will be 
seen, however, that, by combining two of the conductors to form 
a common return path for the current, the transmission of two- 
phase currents can be effected with only three wires, as indicated 
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in Fig. 3. The vector diagram for such a system of transmission 
is easy to construct 7f 2! 7s permissible to assume the resistance R’ 
of the common conducior to be negligible; the current relations, with 
a quarter period time displacement between the currents in the 
two phases, being as indicated in Fig. 4. The current J; in the 


es oe ee 


- = 


Le Ss I, R 


Fie. 3.—Two-phase transmission with three wires. 


common conductor is the vectorial sum of the currents J; and J». 
It has been drawn equal but opposite to the dotted resultant OA 
because it is generally convenient to assume the direction of all 
currents to be positive when flowing away from the source of 
supply, in which case the condition 


1 el ee ee) 


q; 


Fie. 4.—Vector diagram of currents in two-phase three-wire transmission. 


must be satisfied. The arrow on the central conductor in Fig. 3 
indicates a flow of current opposite to the currents in the other 
two wires; but this is done merely to suggest the idea of currents 
going away from the source of supply by the two outer wires, 
and returning by the common wire. When dealing with poly- 


ELECTRIC PRINCIPLES AND THEORY 17 


phase currents, such mental pictures of the actual physical oc- 
currences are liable to be misleading, and they should be used 
sparingly. 

On a long transmission, or in cases where the resistance of the 
common conductor cannot be neglected, the problem of two- 
phase transmission by means of only three wires becomes com- 
plicated. The resistance of the common wire has the effect of 
disturbing the phase relations, which are no longer the same at 
the receiving end as at the generating end of the line. It is 
difficult to explain in simple terms exactly how this occurs; 
and since very few systems of transmission are by means of two- 
phase currents it has not been thought necessary to take up 
space in the study of this peculiarity. Those interested in the 
question will find a complete discussion of the problem of two- 
phase transmission by means of three conductors in Appendix C 
of the first edition of this book. On the few long-distance 
transmissions by two-phase currents, that are operating suc- 
cessfully, four conductors are used. The advantage of three 
wires over four is, of course, in the saving of cost on the 
conductors. Instead of requiring four wires, each carrying I 
amperes, it is only necessary to provide two wires to carry I 
amperes and one wire of a cross-section sufficient to carry, 
not 27 amperes, but 1/7? + I? or I X ~/2 amperes; which leads 
to an appreciable saving in the total weight of conductors, if the 
current density is the same in all. 

5. Transmission by Three-phase Currents.—If six separate 
conductors are run from generating to receiving station, as 
indicated in Fig. 5, the transmission is equivalent to three in- 
dependent single-phase two-wire circuits; and if H, is the poten- 
tial difference at the terminals of each circuit, and / the current 
in each wire, the total power transmitted will be 


eeO She el) 


the assumption being, as in previous cases, that both inductance 
and capacity are of perneible amount. 

The pressure lost in transmission will be 2k X J and the fat 
power lost in the three lines will be 38 X I? X 2k. 

Consider now the arrangement as in Fig. 6, where the three 
circuits have a common terminal at each end of the transmission 
and three of the wires of the six-wire transmission are replaced 


by a common return conductor. The pressure at the receiving 
bi 
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end, between each of the three terminals and the common return, 
or neutral point, is still H, volts; and the total power transmitted 
is still W = 3(£, X I); but, owing to the fact that the sum of 
the three outgoing currents is zero (since they differ in phase by 
120 time degrees, as shown in Fig. 7, and any one current, such 
as OB, is exactly equal and opposite to the resultant of the other 


Sia d OR E 
Slee , ae es (ae 


Fie. 5.—Three-phase transmission with six wires. 


two currents), there will be no current flowing in the common 
return conductor, which can therefore be omitted; and it follows 
that both pressure drop and J? losses in the lines are reduced 
to one-half of what they were with the arrangement of three 
separate circuits; the power loss in the lines being now 3/?R. 
This clearly shows how the transmission by three-phase currents 
is more economical as regards line losses than single-phase trans- 


Fic. 6.—Three-phase transmission with three wires. 


mission. But it must not be overlooked that, in order to obtain 
a reduction by half of the weight of copper in the lines, the pres- 
sure between the wires is greater on a three-phase system than 
on a single-phase system transmitting the same amount of power. 
Thus, the pressure, V (Fig. 6), between any two of the three 
transmission wires is the difference between two of the star volt- 
ages, as indicated in Fig. 8. Here the e.m.fs. in the three sections 
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of the alternator windings are represented by the vectors OA, 
OB, and OC; and since the e.m.f., V, between any two terminals, 
such as B and C (Fig. 6), is the resultant of the e.m.fs. acting 
in the two windings OB and OC connected in series, one of these 
(as OC) must be subtracted from the other (OB). Thus the 
resultant is the vector OV (Fig. 8), obtained by adding to the 
vector OB an imaginary vector, OC’, exactly equal, but opposite, 
to OC. This resultant is evidently equal and parallel to the line 
CB, joining the ends of the two vectors OB and OC, and since the 


a 


~ 
Se 


Fia. 7.—Vector diagram of currents Fic. 8.—Vector diagram of e.m.fs. in 
in three-phase transmission. three-phase star-connected system. 

angle C’OV is 30 degrees, the length OV is equal to 20C cos 30°, 
or 1/3 times the length of any one of the vectors representing 
e.m.fs. between conductor and neutral point. Thus, 

Vi = 157820 5 
and since the resistance drop is the same in all three conductors, 
a similar condition exists at the receiving end of the line, and 
we may also write, 

E = 1.732E, (1) 

The power of a three-phase circuit, which is three times L, XJ, 

can evidently alsc be written 


W= (5 x 1) 


W = V3EI (2) 

where FE is the pressure between any two of the three wires." 
6. Relative Cost of Conductors Required on the Various 
Systems.—Apart from all questions of voltage, or necessary 
insulation and spacing required between adjacent conductors 


or, 


1 The power factor (cos 0) does not appear in this formula because, owing 
to the assumed absence of inductance or capacity from both line and load, 


it is equal to unity. 
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and between the conductors and the supporting structures, the 
total I?R losses will be the sum of the losses occurring in each 
conductor of the transmission system. Each wire may be con- 
sidered as the outgoing conductor of a two-wire single-phase 
system in which the return wire has no resistance. Thus, in a 
balanced three-phase system as illustrated in Fig. 6, wherein 
the common return wire is not required (since it carries no cur- 
rent), the total losses in the transmission wires are 


ol? x hy) 
But this may be written, 


R 
DEN e sls 
(31) xX 3 


which shows that the total losses can be calculated by adding 
the currents in the respective conductors regardless of phase 
relations, and considering this total current as being transmitted 
over a single wire of the same weight or cross-section as would be 
obtained by connecting the individual conductors in parallel. 
This applies to any polyphase system with wires of equal resist- 
ance carrying equal amounts of current. 

When comparing different systems of transmission, it is nec- 
essary to make some assumptions in regard to the voltage, 
so as to have a common basis of comparison. For instance, if 
it is desired to compare three-phase and single-phase transmission 
on the basis of the same potential difference between wires, apart 
from any question of voltage between wires and ground, the total 
power on the three-phase system will be 


W=~V/3EXI1 


and the (equal) power on the single-phase system would be 
written, 
W=EX (V3) 
Let #3 = the resistance of each conductor on the three-phase 
system, and 
R, = the resistance of each conductor on the single-phase 
system, 


then, for equal total line losses, 
STi (4/ ok) he, 


whence 
liga SS Wea 
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Since the weight of copper in each wire of either system is 
inversely proportional to the resistance, it follows that, 


Weight of copper, single- phase — 2R3 
Weight of copper, three- phase 3h, 
_ 2(2R:) 
3bRy 
_ 4 


3 


which indicates a saving of 25 per cent. of conductor material 
in favor of the three-phase system. 

Consider now the condition of the various systems on the 
basis of the same efficiency (as in the above example), but on the 


Ground 


Single-Phase Two (or Four ) Phase Three-Phase 


Fia. 9.—Different systems with same potential above ground. 


further assumption that the potential difference between the 
earth or supporting structures and any one of the conductors is 
constant. This is equivalent to stating that the pressure stress 
at every point of support, where an insulator carries the conduc- 
tor, is the same on all systems. This is shown diagrammatically 
in Fig. 9, where the voltage ZH, per phase is the same in all systems. 

If J is the current per wire, and:n the number of wires (or 
phases), the total power transmitted is 


Wi = JBL IE OX Fe 


provided the power factor is unity. On the assumption of a 
balanced load, with the current lagging behind the voltage by 
the same number of time-degrees on each phase of all the systems, 
no complication will arise if the power factor of the load is taken 
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into account. The total power transmitted, in every case, may, 
therefore, be written 
W = E,I cos 0 X n (3) 


If R is the resistance of each line conductor, the total line loss 
for any system will be 

w=IRXn 
and, for the same line efficiency, the weight of copper per kilo- 
watt transmitted will evidently be the same in all cases. 

This leads to the conclusion that, for any balanced polyphase 
system, the power lost in the line depends only upon the joint 
resistance of the conductors, the power transmitted, and the 
power factor, provided the pressure between the conductors and the 
neutral point ts constant. 

Still neglecting the inductance and capacity of the line itself, 
the percentage power lost in transmission ts 
w 
WwW x 100 

If the loss w be expressed in terms of the total power W, it 
will be found that this ratio can be put in an interesting form. 
The symbol R, will be used to denote the joint resistance of all 
the conductors in parallel; that is to say, 


R 
Rp = = 
The power lost is 
w = niI?R 
=n lh. (4) 
but for n? may be substituted its equivalent value 
Ww2 


NUS an eG 
E,?I*(cos @)? 
obtained from equation (3), whence (4) becomes, 

as 

~ E,?(cos 6)? 
which shows how, for any given amount of power transmitted 
at a given pressure, the /?R loss is directly proportional to the 
joint resistance of all the conductors, and inversely proportional 
to the square of the power factor of the load. 

By substituting this value for w in the ratio for percentage 

efficiency, the latter quantity becomes, 


Percentage power lost in any\ _ WR» x 100 (5) 
balanced polyphase system E,,? cos? 0 
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These formulas show very clearly the advantages of high power 
factors where economy of transmission is important. 

7. Grounding the Neutral on High-tension Overhead Trans- 
missions.—The above comparisons of losses have been made on 
the assumption of a grounded neutral, but whether this common 
terminal of the polyphase circuit is grounded or not does not 
alter the fact that, wnder normal conditions of working, the neutral 
point is usually at about the same potential as the ground. Fur- 
ther, whether the generator or transformer windings on the high- 
tension side of a three-phase transmission system are delta 
connected or star connected is of very little importance if it is 
decided to operate without a grounded point. The fact that the 
neutral point on a star-connected system is available for ground- 
ing purposes does not mean that it must necessarily be grounded. 

The chief arguments in favor of grounding the neutral are 
(1) that the difference of potential between any conductor and 
the supporting structure or earth remains unaltered, and can- 
not become excessive in the event of the grounding of a high-ten- 
sion conductor, and (2) that it is possible to detect instantly, 
and disconnect by automatic devices or otherwise, any portion 
of the system that may become accidentally grounded. The 
chief objection is that under such conditions, the grounding of 
any one conductor causes a short-circuit, and even if discon- 
nected by the opening of a switch, leads to an interruption of 
supply. By inserting a resistance between the neutral and the 
ground connection, the current through the fault can be limited 
to just so large an amount as may be necessary to operate an 
automatic device, or give an indication that there is a fault on 
the line. Instead of opening the switches and disconnecting 
the line, the ground connection to neutral may be opened, thus 
leaving the conductor grounded until such time as it is convenient 
to carry out repairs; but this would be equivalent to running 
normally without grounded neutral. The chief advantage of 
transmitting with ungrounded neutral is that the grounding of 
one conductor only does not lead to immediate interruption of 
service. The chief disadvantage is probably the fact that the 
potential between earth and the other conductors is immedi- 
ately raised; being 4/3 times greater, in the case of a three- 
phase transmission, than under normal conditions, when the 
voltages are balanced. 

It is doubtful whether the question of grounding the neutral 
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on a high-tension transmission can be so settled as to be appli- 
cable to all systems and voltages. A few years ago there was an 
undoubted tendency on the part of engineers to ground all metal 
that would under normal conditions be at ground potential At 
the present time the tendency appears to be in the direction of 
providing substantial insulation throughout the system, and 
omitting the grounding of the neutral. In an age when the indi- 
vidual appears to distrust the conclusions of his own intellect, 
there would appear to be much wisdom in the advice once given 
by Dr. Steinmetz, who suggested that if the engineer is in doubt 
as to the better course to pursue when two alternatives present 
themselves, he should not follow the one most favored by his 
fellow engineers, because in so doing he would in all proba- 
bility merely adopt what happens to be the fad of the day. It is 
perhaps best practice to avoid grounding any point on a high-ten- 
sion transmission unless the conditions are such that the ground- 
ing of the neutral point would appear to be the obvious remedy for 
troubles that may have been experienced or that are liable to 
occur. 

Regulation—Effect of Line Inductance on the Transmission 
of Alternating Currents.—On account of the necessary space 
between the wires, the loops formed between outgoing and return 
conductors are of considerable area on a long-distance trans- 
mission; and the changing flux of induction in these loops will 
generate counter e.m.f.’s in the conductors, which may be of 
considerable importance, especially in regard to their effect on 
the voltage regulation. Whether dealing with single-phase or 
polyphase transmissions, it will be found convenient to make 
calculations on single conductors only. Thus, instead of con- 
sidering the resistance of the complete circuit (which is not con- 
venient in the case of polyphase transmissions), the resistance of 
one conductor only, or the resistance per mile of single conductor 
is considered, and the ohmic voltage drop calculated for that 
portion of the complete circuit only. Similarly, in the matter of 
the counter e.m.f. due to the self-induction of the line, calcula- 
tions are based, not on the total flux of induction in the loop or 
loops formed by outward-going and return wires, but on that 
portion of the total flux which is included between the center line 
of any one conductor and the newétral plane or line. Thus the 
induced volts per single conductor, or per mile of single conductor, 
can be calculated, and the resulting total voltage drop can be 
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computed for each conductor independently of the others. In 
the case of a single-phase two-wire transmission, the total 
loss of pressure is evidently just twice the amount so arrived at 
for a single conductor.’ In a polyphase transmission, due atten- 
tion has to be paid to the phase relations between the currents 
in the various conductors; but the same principle holds good, 
and calculations of any polyphase transmission can be made by 
considering each conductor separately, as will be explained later. 

The induced volts will be directly proportional to the current, 
and will depend on the diameter of the wire and its distance from 
the return conductors. This will be again referred to in Chapter 
IV, but for the present the induced pressure may be calculated by 
means of the following formula: 


3 Slee 
Volts induced per mile | = 0.00466 x f XI X logio( 1.285 4 (6) 
of single conductor | ie 


where d and r stand respectively for the distance between 
outward and return (parallel) conductors and the radius or half 
diameter of the wire; these being expressed in the same units. 
The frequency f is expressed in cycles per second, and the current 
I, in amperes. In nearly all pocket books or hand books for 
the use of electrical engineers, tables are published giving in- 
ductive pressure drop for different diameters and spacings of 
wires; the assumption being always, as in the case of formula (6), 
that the current variation is in accordance with the simple 
harmonic law (sine wave). The special case of magnetic 
conductors such as iron or steel will be referred to in Chapter IV. 

9. Fundamental Vector Diagram for Line Calculations: 
Capacity Neglected.—In the diagram Fig. 10, the various quan- 
tities are represented as follows: 


OA, or (J), is the ‘current vector. 

OB, or (E,), is the vector corresponding to the pressure 
(wire to neutral) at the receiving end. 

6 is the time angle by which the current lags behind the 
pressure at receiving end: cos @ being the power factor 
of the load. 

BC, or (IR), which is drawn parallel to OA, is the quan- 
tity I < R; being the voltage component required at 
the generating end to compensate for ohmic drop of 
pressure in the conductor. 
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CD, or (IX), which is drawn at right angles to OA, is the 
quantity calculated by formula (6), being the voltage 
component required at generating end to compensate 
for loss of pressure due to the inductive reactance of the 
conductor. 

BD is the sum of the vectors BC and CD; being the total 
additional voltage required at the generating end to 
compensate for the impedance of the conductor. 

OD, or (V,), is the vector corresponding to the pressure 
(wire to neutral) at generator end of the line, required 
to maintain the pressure (Z,) at the receiving end when 
the current in the conductor is J amperes. 


--—=——————-—-— 
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Fig. 10.—Vector diagram for line calculations—capacity neglected. 


g is the time angle by which the current lags behind the 
pressure at the generating end; cos ¢ being the power 
factor of the total load as measured at generating 
end. 

FD is the (arithmetical) difference between pressures at 

receiving and generating ends of the conductor. 
The percentage loss of pressure being 


length FD 
length OF 
length FD 
length OB 


(The dotted circles being described from the center O.) 


100 X 


= 100 X 
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All graphical solutions of transmission line problems are based 
on this fundamental diagram. Some of them give results that 
are theoretically correct, while in others certain assumptions 
are made to simplify the construction without introducing any 
appreciable error in the solution of practical problems. 

Graphical and semi-graphical methods of predetermining the 
voltage regulation of transmission lines are often convenient. 
Such methods have been proposed by Messrs. F. A. C. Perrine 
and F. G. Baum, by Prof. L. A. Herdt, by Mr. R. D. Mershon 
and others. A convenient diagram for determining regulation, 
as used by the writer, will be explained in Chapter IV. 

For those who prefer to use tables of trigonometrical functions, 
the required relations can easily be obtained from Fig. 10. 

In the first place, the functions of the angle ¢ are: 


IX + En, sin 6 


sing = V (7) 

cos ¢ = SEE (8) 
IX + #, si 

Vis (9) 


IR + E,, cos 6 
From formula (8) it is seen that the required voltage at generat- 
ing end is, 


_IR+ E#, cos 6 
COS ~ 


Va (10) 


and the volts required to overcome ohmic resistance are: 
IR = V,cos ¢ — E, cos 0 (11) 


As an example of the use of these formulas assume, in the 
first place, that the material, size and spacing of conductors is 
known, and also—in all cases—the power factor of the load 
(cos #0), and therefore the other trigonometrical functions of 
the angle 6, such as sin 6. Under these conditions, the quan- 
tities JR and IX can readily be calculated, and formula (9) 
can be used to obtain tan ¢; thence the angle ¢ and cos ¢ (the 
power factor at generating end). Then, by formula (10), the 
required voltage (Vn) at generating end is easily obtained. 

Assume, in the second place, that the size of the conduc- 
tors has to be determined. The spacing of conductors and the 
frequency being known, the induced volts 1X can be calculated 
approximately by estimating the value of r for use in formula 
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(6). The more correct estimate of the size of conductor will be 
based on the required regulation, or total voltage drop. The 
voltage at the generating end is therefore 


V, = E, + allowable voltage drop per conductor 


Now, since IR is not definitely known, formula (7) will have to 
be used. This gives the value of sin g with a sufficient degree of 
accuracy even if quite an appreciable error has been made in 
estimating the size of conductor for the purpose of calculating 
the inductive drop 1X. Having determined the angle g, the 
function cos ¢ can be obtained from trigonometrical tables; and 
then, by using formula (11), the ohmic drop can be calculated. 
Thus the proper size of wire for use under given conditions may 
be determined. 

If the power loss in the line is the determining quantity, regard- 
less of the voltage regulation, then, since this loss depends only 
on the voltage JR (the current, J, being assumed constant), the 
resistance and size of conductor is readily ascertained, and the 
unknown quantities would be calculated as in the case first 
considered. 

10. Effect of Capacity on Regulation and Line Losses.— 
Although the effects of electrostatic capacity will be referred to 
again in Chapter IV, it will be well to consider briefly how the 
capacity on long lines may affect the voltage regulation and line 
losses. 

Any arrangement of two conductors of electricity separated 
by an insulator, forms a condenser, of which the capacity will 
depend upon the spacing of the conductors, and the nature of 
the dielectric between them. In the case of overhead conductors 
running parallel to each other and to the surface of the ground 
over a considerable distance, the electrostatic capacity between 
the individual conductors, and between these conductors and 
earth, becomes a matter of importance. 

As in the case of inductance calculations, it is advisable, 
whenever possible, to consider the capacity of any one conductor 
as measured between the conductor and the neutral surface or 
neutral line. Thus the capacity current per conductor can be 
calculated independently of the current in the other conductors. 
It is obvious that the potential difference causing the flow of cur- 
rent in and out of the condenser must then be measured between 
the conductor and the neutral, and not between outgoing and 
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return conductors. In the case of a transmission line, the 
capacity 1s distributed over the whole length of the line. It is 
incorrect to assume that the whole of this capacity is concen- 
trated at either end; but, for the sake of simplicity, the total 
capacity will be supposed to be concentrated at the receiving 
end of the line, and a correction will afterward be made in order 
to conform more nearly to actual conditions. 

The following approximate formula may be used for calculat- 
ing the capacity of overhead lines: 


Capacity in microfarads per 


mile, between conductors } = C,, = pease (12) 
and neutral log d 


r 


where d and r are the spacing between conductors and the radius 
of cross-section, exactly as in formula (6) for the calculation of 
the induced volts. 


A 


O if (En) B 


Fig. 11.—Vector diagram showing pressure rise due to capacity. 


The charging current, in amperes, on the sine-wave assump- 
tion, can be calculated by the formula 


I. = 2afC LE, X 10-* (13) 


where L is the distance of transmission in miles, and H, is the 
voltage as measured between the conductor and neutral. This 
charging current (J,) is always a quarter period in advance of the 
voltage. This explains why, on a long line open at the distant 
end, or only very lightly loaded, there can be a rise of pressure 
at the receiving end of the line. 

In the diagram Fig. 11, the pressure at the receiving end is 
represented by the vector OB, while OA, drawn at right angles 
to OB—in the forward direction—is the capacity current as cal- 
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culated by formula (13). It is assumed that the load is entirely 
disconnected, and the current J, is the total current on the line. 
The voltage component required at generating end to overcome 
ohmic resistance is OR, or BC, in phase with J., and the com- 
ponent required to balance the e.m.f. of self-induction, as cal- 
culated by formula (6), is CD, drawn 90 degrees in advance of 
OA. The pressure required at generating end is OD, which may 
be smaller than OB. It is true that the capacity has been as- 
sumed to be concentrated at the receiving end of the line; but 
with distributed capacity, the same effect of a rzse in pressure as 
the distance from generating end increases, will occur. It will 
be seen that this is due to the e.m.f. of self-induction of the 
charging current being in phase with the impressed voltage. If 
the lines were without inductance, there could be no pressure 
rise. 

~The effect of capacity on the line when the distant end is closed 
on the load, will depend upon the amount and nature of the 
load. If the load is heavy and largely inductive, the current 
put into the line at the generating end will be less than the load 
current, and the /?F losses will therefore be smaller than if the 
line were without capacity. 

At light loads, especially if the power factor is high, the-line 
losses will be greater than if capacity were not present. On many 
overhead lines the effects of capacity are almost negligible; but on 
long high-voltage lines, these effects become of great importance. 
As an example of capacity effects on long transmission lines, 
consider the system of the Southern Power Company which 
transmits energy at 100,000 volts (three-phase) over a distance 
of 210 miles, from Great Falls, S. C. to Durham, N. C. Both 
copper and aluminum conductors are used, the average diameter 
of which is about 0.4 in. while the spacing between wires is 124 
in.; the frequency being 60. The above data and formulas (12) 
and (13) will enable us to calculate the capacity current. The 
numerical values for use in the calculation are, 


(Oh = TE ia, 
p = WP un, 
Ja=160 

1 = Ne 
nee 100,000 


WS 
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The capacity in microfarads per mile (between conductor and 
neutral) by formula (12) is, 


y _ 9.0388 _ 
Seep 0.0139 
OS) 


The charging current, by formula (13) is, 
ae 2n X 60 X 0.0139 X 210 X 100,000 
1,000,000 * 1/3 
= 63.6 amperes. 


It follows that the kilovolt-amperes (or apparent kilowatts) 
put into the line at the generating station end, when all the 
switches at the receiving end are open, will be of the order of 
/3 X 100,000 X 63.6 
1000 
The effects of capacity under various conditions are best 
studied by constructing vector diagrams. 


= 11,000 


Load 
(L ) of Power Factor 
= cos 


Fra. 12.—Transmission line with concentrated capacity. 


In Fig. 12, the current, J, is delivered to the line at the pressure 
V: each conductor has both resistance and inductive reactance, 
giving a pressure / at the distant end, where the whole of the 
capacity, C, is supposed to be shunted across the wires. The 
load current is J. 

In the vector diagram, Fig. 13 (which may with advantage be 
compared with Fig. 10), OB and OA represent respectively the 
potential difference and current at_the receiving end. The 
impressed voltage at the terminals of the imaginary condenser 
C (Fig. 12), will therefore be # volts, and the vector for the con- 
denser current must be drawn 90 degrees in advance of OL; 
this is the vector ON. The total current put into the line at the 
generating end will be OM, which is the (vectorial) sum of the 
currents J and J... The pressure at generating end is made up 
of three components: 
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OB, the pressure available at receiving end; 

BC, the pressure required to overcome resistance (drawn 
parallel to the total-current vector OM) ; 

CD, the pressure required to counteract the e.m.f. of self- 
induction (drawn at right angles to OM). 


By varying the angle @ and the length of the current vector 
OA, the effect of the capacity current with different power fac- 
tors and loads can easily be studied. 

This method of correcting the fundamental diagram to take 
account of capacity, is not theoretically accurate, because the 


D 


Fig. 13.—Vector diagram for transmission line of appreciable capacity. 


capacity is never concentrated at one point of the line; but 
distributed over the whole distance of transmission. 

11. Use of Fundamental Diagram for Three-phase Calcu- 
lations.—The vector diagram, Fig. 14, shows the relative phases 
of current and e.m.f. for a three-phase system with balanced load 
when the power factor is unity. Here the three current vectors 
are OA, OB, and OC. The “star’’ voltages are, 


=O = Ce = 13}, 


each being in phase with the corresponding line current; and 
the voltages measured between the three conductors of the trans- 
mission line are, 


ab=be = ca = EF = +/3H, 
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The total power transmitted is, 


W=/38E XI 
= SL, x if 
= 3 (OA X Oa) 


In Fig. 15 the diagram has been drawn for an inductive load. 
Here there is a certain displacement of the current phases rela- 
tively to the e.m.f. phases. It will be noticed that the ver- 
tices of the e.m.f. triangle no longer lie on the current lines as in 
the previous diagram. The three current vectors still subtend 
the same angle of 120 degrees with each other; but they have 
been moved bodily round (in the direction of retardation) through 


A 


C 


Fig. 14.—Vector diagram for Fie. 15.—Vector diagram for three-phase 
three-phase system on non-induc- system on partly inductive load. 
tive load. 


an angle 6. The total power is evidently no longer equal to 
three times OA X Oa, but to 3 X OA’ X Oa, where OA’ is the 
projection of OA on Oa; and cos @ is the power factor of the three- 
phase load. 

It is a simple matter to complete this diagram by taking into 
account the effects of resistance and inductance in the line, 
because when the calculations for resistance drop and induced 
volts are made per conductor as previously explained, the construc- 
tion can be carried out for each phase exactly as explained when 
describing the fundamental diagram (Article 9). It is only 
necessary to bear in mind that OA and Oa, in Fig. 15, cor- 
respond to OA and OB in Fig. 10. When this construction 

3 
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has been carried out for each of the three phases, there will be a 
new set of star vectors which, when their ends are joined, will form 
a new. e.m.f. triangle representing the necessary pressures at the 
generating end. This is shown in Fig. 16, where am and md are 
the vectors representing the required e.m.f. components to coun- 
teract the ohmic drop and reactive voltage respectively, due to 
the current OA. The same construction is supposed to be fol- 
lowed for the other two phases, and the resulting triangle def 
indicates not only the magnitude of the potential differences be- 
tween wires at generating end, but also their phase relations with 
the other quantities. Thus the power factor at the generating 


Fra. 16.—Complete vector diagram for three-phase transmission. 


end is not cos 6, but cos ¢g, all as explained in connection with 
Fig. 10. If it is required to take into account the effects of ca- 
pacity, the correction per phase is made as explained in Article 10. 

It is true that a symmetrical arrangement of conductors has 
been assumed; that is to say, the three conductors are supposed 
to occupy the vertices of an equilateral triangle, in which case 
the magnetic flux due to the current in one of the wires will 
neither increase nor decrease the amount of induction through 
the loop formed by the other two wires; or, in other words, the 
whole of the current in any one conductor may be considered as 
returning at a distance from this conductor equal to the side of the 
equilateral triangle. Asa matter of fact, if the wires are arranged 
in any other practical manner, the effect of the induction due to 
any one wire on the loop formed by the other two wires is usually 
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small; but a method of calculating the induced volts in any one 
conductor of a system of parallel conductors, whatever may be 
the arrangement or spacing of these conductors, is explained in 
Appendix I at the end of this book. 

If the conductors of a three-phase transmission are regularly 
transposed, that is to say, if each of the three wires occupies a 
particular position relatively to the other wires for one-third of 
the total length of transmission, then the electrical calculations 
may be based on an equivalent disposition of the wires at the ver- 
tices of an equilateral triangle of side 


d = wv/abc (14) 
where a, 6 and c stand respectively for the actual spacings between 
the three wires. This is a general statement of the particular 
problem considered in Appendix I, where the three conductors 
are assumed to lie in the same plane. A neat proof of formula 
(14) is given in Prof. H. B. Dwight’s book on Transmission Line 
Formulas. 


1D. Van Nostrand Company, 1913. 


CHAPTER III 
ECONOMIC PRINCIPLES AND CALCULATIONS 


12. Introductory.—That true engineering is essentially an 
economic science should be self-evident to every man who lays 
claim to the title of engineer; yet, there are many engineering 
undertakings, or portions of such undertakings, in which this 
fundamental principle has been disregarded. In the case of 
transmission lines, a certain system, or an exceptionally high 
pressure, may have been adopted because of its peculiar interest 
as an engineering problem; or duplicate lines, spare generating 
plant, and costly automatic gear may have been installed to 
ensure continuity of supply, apart from the economic value 
of such increased protection against possible interruption. This, 
however, is not engineering in the commercial sense. The de- 
termination of the economical size of conductors for the transmis- 
sion of any particular amount of current, in accordance with the 
principle generally known as Kelvin’s law, is but a very small 
part of the problem to be solved by the transmission-line 
engineer. An attempt will be made in this chapter to deal with 
the economics of power transmission lines from a broad practical 
standpoint. Some approximate figures for use in getting out 
preliminary estimates will be given, but actual recorded costs 
of finished work carried out under various conditions can be 
obtained from other sources; their inclusion in this book might 
tend to confuse rather than assist the reader. 

It is proposed to deal here, in as small a space as possible, 
with economic principles, and to explain the methods by which 
the proper size of conductor for a given transmission can be cal- 
culated; and it is only when these principles have been grasped, 
and rightly understood, that the engineer can make the best use 
of cost data obtained from completed work. 

When considering any scheme of power transmission from a 
generating plant of limited output, it is important to bear in 
mind that it does not pay to cover a distance greater than that 
within which there is a reasonable prospect of supplying all the 

36 
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power available at the generating station. The importance of 
this principle should be fairly obvious, yet there are instances 
which prove that it has been disregarded. 

On the other hand, where the energy available appears to be 
in excess of the probable demand within a reasonable radius 
from the generating station, the possibilities of subsequent 
requirements greatly exceeding the immediate demand must not 
be overlooked; and a transmission system on a large scale, 
designed to satisfy future conditions, may be desirable. Each 
case must be studied, separately, on account of the variable 
nature of the conditions in different localities. The easiest part 
of the problem is the designing of an economical transmission 
line, that is to say, a line that will give the best return for capital 
invested, on the assumptions of a given amount of energy to be 
delivered at a given point where a given price will be paid for it. 
The real difficulty les in estimating not only the immediate 
demand, but also the probable future demand and its rate of 
growth, in order that proper provision may be made to avoid un- 
necessary waste in remodelling or reconstructing the original 
transmission line. 

13. Choice of System.—On this continent it is usual to trans- 
mit electric power by means of three-phase alternating currents, 
the periodicity being 25 or 60 cycles per second. In Europe the 
Thury system of continuous current transmission at high voltages 
has met with success; it has much to recommend it, and there 
appear to be no reasons why it should not meet with equal 
success on this continent; but it is probable that three-phase 
transmission, at pressures even higher than those now in use, 
will hold its own for a considerable time to come. 

14. Type of Transmission Line.—The structures for supporting 
overhead conductors may be of wood, steel, or reinforced concrete. 
The wood supports may consist of single poles spaced 120 to 300 
ft. apart, or they may be A or H frames built up of two poles 
suitably braced, and capable of supporting longer spans. The 
steel poles may be of simple tubular type, or built up of several 
tubes or angles with the necessary bracing. The more common 
construction for high-pressure transmission lines consists of 
light-braced towers with wide rectangular bases, except where the 
“flexible” type of structure is adopted. These flexible towers are 
modeled generally on the A and H types of double wood pole 
supports. Further particulars, with illustrations, of these 
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different kinds of supports will be found in Chapter X. It is by 
no means an easy matter to decide upon the most suitable type 
of supporting structure to be used on any particular transmission 
scheme. In some cases a composite line including two or more 
types of support may be found advantageous. Among the 
factors influencing the choice of the supporting structures may be 
mentioned the character of the country, the means and facilities 
of transport, climatic conditions, the nature of the soil, and the 
scarcity or otherwise of suitable timber in the district through 
which the line will pass. In undulating or hilly country, advan- 
tage may frequently be taken of the heights, by erecting upon 
them comparatively low and cheap structures and spanning the 
depressions or valleys without any intermediate supports. The 
engineering features must, however, be very carefully studied in 
all such exceptional cases. 

When transmission lines, or portions of transmission lines, 
have to be laid underground, the thickness and nature of the 
insulation, and the method of laying, will affect not only the first 
cost, but also the maintenance charges and the life of the cables. 
All these factors must be taken into account when deciding upon 
the most economical type of construction under the varying 
conditions that are likely to occur in practice. It is usual to 
draw the insulated conductors into some form of duct or conduit; 
but conditions may be found under which it would be justifiable 
to use lead-sheathed and steel-armored cable laid directly in 
the ground without any additional protection. The question of 
underground cables will be discussed further in Chapter VII. 

15. Length of Span.—The type of supporting structure for 
overhead conductors, together with the height, strength and cost, 
of the individual pole or tower, will be dependent upon the span 
or distance between the supports. The determination of the 
average length of span is indeed a very important economic 
question. The material of the conductor will, to some extent, 
influence the choice of span length, because aluminum conductors | 
will usually have a greater summer sag than copper conductors, 
and this will necessitate higher supports to give the same clear- 
ance above ground at the lowest point of the span. In consider- 
ing span length, the first cost of the individual support is not the 
only question which has to be taken into account; the cost of 
maintenance is almost equally important. The longer the span, 
the fewer will be the points of support; and if the line is well 
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designed and constructed, there should be less trouble through 
faults at insulators. Again, where rent has to be paid for poles 
placed on private property, it is generally the rent per pole apart 
from the size of pole which has to be considered, and this is 
another factor in the determination of the best length of span. 
In level country, the economic span for steel tower construction is 
usually in the neighborhood of 600 feet. The Sierra & San 
Francisco Power Co. (104,000 volts) uses spans of 850 feet; 
while both the Pacific Gas & Electric Co. and Mississippi River 
Power Co., on their 110,000-volt transmission lines, space the 
towers 800 feet apart under normal conditions. On short low- 
vo tage lines large spans may not prove to be economical. It is 
sometimes advantageous to increase the number of supports in 
order that these may be so light in weight as to be easily handled 
and quickly erected. ; 

When considering the relative advantages of different types 
of supports for overhead conductors it is obvious that the life 
and cost of upkeep of the poles or towers must be considered at 
the same time as the costs of delivery on site and erection, 
which are less likely to be overlooked. For instance, a transmis- 
sion line using reinforced concrete poles will usually cost more than 
one using wood poles; but if we assume the same height of pole 
(say 35 feet) and a cost per pole of $10 and $6.50 respectively for 
concrete and chestnut poles, the concrete pole line will very 
probably prove to be the more economical in view of the fact 
that the chestnut poles will have to be replaced at the end of (say) 
13 years, while the concrete should last, without requiring atten- 
tion or repairs, about twice as long. 

16. Effect of Span Variations on Cost of Steel Towers.—The 
height of towers in level country depends on (1) the minimum 
clearance between the lowest conductor and ground when the 
sag is greatest; (2) the voltage, since this has an effect on the spac- 
ing of the conductors and also to some extent on the clearance 
above ground level; and (3) the maximum sag. This last is 
determined by the length of span, the material and size of the 
conductors, the range of temperatures, and weather conditions 
generally. For the purpose of rough approximations suitable 
for preliminary estimates the writer has made use of the em- 
pirical formula . 


1 
20,000 oe 


H = 344+ ae 
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This formula gives the approximate overall height of the tower 
in feet. By overall height is meant the total height including 
the portion buried in the gound; the height from ground level to 
extreme top of tower being therefore from 5 to 8 feet less the 
dimension given by formula (15). The symbol HE; stands for 
the working pressure between wires in kilovolts, while / is the 
distance between towers in feet. The constants have been 
worked out on the assumption that the tower carries a duplicate 
three-phase circuit consisting of aluminum conductors of number 
0000 B. & S. gauge, and a grounded steel guard-wire joining the 
tops of the towers. The formula is not supposed to be appli- 
cable to spans greater than 650 feet. 

The weight of a steel supporting structure will depend not 
only upon the height, but also upon the stresses the tower has to 
withstand. These again will be dependent upon the size of the 
wires, the length of span, and the weather conditions, although 
none of these factors has perhaps so great a bearing on the weight 
and cost of the supporting structures as the fancies, prejudices, 
and idiosyncrasies of the engineer or purchaser. The assump- 
tions made in the matter of probable sleet deposits and wind 
pressure, together with the factors of safety that are insisted 
upon, will naturally very greatly influence the cost of the towers. 
Assuming these figures to be reasonable, the weight in pounds 
of the complete tower will be approximately 0.85H2, although 
the proportionality between the square of the height and the 
weight does not always hold in practice. 

The cost of galvanized towers, under normal market condi- 
tions, varies between 3¢ and 5¢ per pound.! For preliminary 
estimates, the cost may be calculated on a basis of 4¢ per pound. 

The weight and cost of towers to carry only one three-phase 
circuit would be about 25 per cent. less than double-circuit 
towers; while the so-called flexible ‘‘A”’ frame supports are about 
30 per cent. cheaper than the corresponding rigid square-base 
towers. 

It is, however, usual to provide rigid strain towers in place of 
the flexible type at, say, every mile, and as the cost of such struc- 


‘The increased price of all metals, brought about by the war, has led 
to the cost of steel structures being, at the time of writing, nearly double 
what would be indicated by these figures, which are based on conditions 
existing before 1915. It is not possible to predict metal prices for the 
future. 
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tures is about double the cost of the flexible tower, the cost of 
supports per mile of line may be calculated by assuming n + 1 
flexible structures per mile, when the actual spacing is n to the 
roile. 

When estimating the cost of a tower line, it is mecessary to 
take into account the special anchor towers required at corners 
or at the ends of exceptionally long spans. In any case, the 
practical utility of the approximate formula (15) is somewhat 
doubtful; and just so soon as the investigation has gone far 
enough to justify the preparation of a complete estimate of cost, 
quotations for suitable supporting structures should be obtained 
from the manufacturers. 

Steel structures are usually galvanized; but as an alternative, 
they may be painted; the extra cost of galvanizing should be 
compared with the cost of painting periodically, say, every 
third or fourth year. 

The cost of foundations for towers varies greatly. In the 
case of fairly high steel towers with wide square bases in soil 
not requiring the use of concrete, the cost of excavating, setting 
‘legs, and back filling, not including erection of towers, will 
generally be between $10.00 and $20.00 per tower. 

17. Cost of Wood Poles.—The price of wood poles depends 
upon the kind of wood, the quality, 7.e., straightness and freedom 
from defects, and of course upon the dimensions.. As a rough 
guide for preliminary estimates, average prices for chestnut 
poles are given below: 


Roleses 0 Mite) Oo ereca tery haute etter dis inept: $ 4.00 each 
IROLE Sma Onin LOM OVIN Siren eteutide beri «ti eusva tare sare at 6.00 each 
Poles AO tte Onis, Sona ws oa mom es paw ee oe. aot 9.00 each 
Roles hrhtenl Ono memmenrsy sere ote, 1+ recatts eet 10.50 each 


The cost of very tall poles may be considerable; but although 
the cost of a 45-ft. chestnut pole is here given as something 
over $10.00, wood poles of this length suitable for transmission 
lines, although perhaps less durable, can be obtained for $6.00 
or even less. On this basis, a 55-ft. pole would cost about 
$9.00, while 70-ft. poles could probably not be obtained for less 
than double this amount. 

An amount varying between $4.00 and $6.00 should be allowed 
to cover unloading, hauling, “framing,” digging holes, and erect- 
ing a pole of average height. 
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Some costs of sundry items to be included in an estimate for 
a wood-pole line are given in the sample estimate which follows; 
‘but cost handbooks or manufacturers’ catalogues should be con- 
sulted for specific information of this kind. 

18. Cost of Insulators—The cost of insulators increases 
rapidly with the rise of the working voltage. The curve of Fig. 
17 gives approximate average prices of insulators complete with 
pins or suspension links for pressures up to 140,000 volts. The 
prices are per insulator or per series of insulator units. The 
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Fic. 17.—Approximate cost of line insulators. 


suspension type of insulator consisting of a number of units in 
series is almost universally used for pressures exceeding 60,000 
volts. One golden rule which applies to all overhead transmis- 
sions is that it is false economy to reduce first cost by putting 
in cheap and possibly unreliable insulators. 

19. Duplicate Lines.—A point of great importance in connec- 
tion with power transmission undertakings is the means adopted 
to guard against interruption of supply. If it is allowed that 
the least reliable part of a transmission system is the line itself, 
it is certainly advisable, when circumstances permit, to dupli- 
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cate the lines, the two sets of conductors being connected in 
parallel, if desirable, under normal conditions. The best pro- 
tection against interruption would be afforded by carrying the 
two sets of conductors on separate poles, preferably by different 
routes; but this would almost double the cost of the line, and it 
is usual to carry duplicate lines either on one set of poles, or on 
two sets of poles erected side by side on the same right of way. 
As an alternative to the duplication of the lines, the provision 
of reserve generating plant at the receiving end may be consid- 
ered, and a comparison should be made between the relative 
advantages and costs of the various alternatives. 

A good example of steam-driven auxiliary plant in connection 
with hydro-electric power stations, is the oil-burning steam- 
generating station of the Southern California Edison Co., situ- 
ated 25 miles from the city of Los Angeles and capable of con- 
necting in parallel with the 60,000-volt’ and 30,000-volt systems 
ordinarily supplied by the Kern River and other hydro-electric 
generating stations of this company. 

20. Costs of Typical Transmission Lines.—It would be pos- 
sible to give a large number of figures relating to material and 
labor costs of completed transmission lines; but the conditions 
of transport of materials and quality of labor differ widely, and 
without complete knowledge of these conditions, such figures 
are liable to be misleading. For this reason two ideal pre- 
liminary estimates, one referring to a wood pole line, and the 
other to a steel line, are here reproduced, in the hope that they 
may be useful as a basis on which somewhat similar estimates 
may be shaped. 


PRELIMINARY Estimate No. 1 


Wood pole transmission line, 20 miles long, carrying one three- 
phase line. Line pressure 22,000 volts. Span 130 ft. There 
is no grounded overhead guard wire; but two telephone wires 
are carried on the same set of poles. An allowance of 20 per 
cent. is made for extra insulators and fixtures to permit of dou- 
bling these on corner poles and in other selected positions. 


PRELIMINARY EstTiMaTE No. 2 


“Flexible” type steel tower line, 60 miles long, with two sets 
of three-phase conductors. Line pressure = 80,000 volts. 
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Average span, 480 ft. Spacing between wires, 814 ft. 


A 


Siemens-Martin steel cable, acting as grounded guard wire, 
joins the tops of all towers. Insulators of the suspension type. 
No telephone wires. Cost of right-of-way not included in 


estimate. 


PRELIMINARY Estimate No. 1 


Mareriats (Exctuping ConpucTors) 


40 creosoted cedar poles, 35 ft. long, 8 in. 

IAM seit: COP maniac eee aie ene te 
48 cross-arms, 314 by 414 in. by 4 ft. long. . 
96 galvanized-iron braces, 144 by 14 by 28 


ANP LON Ore hee a aE Oe 
32 galvanized bolts, 5g by 121% in., with 
WAS OTS me He etre nee RBrercaeraen ret tee 
8 galvanized bolts, 5¢ by 16 in., with 
WASILCIS aes AAee nt PR en een eee 


16 galvanized spacing rods, 34 by 16 in., with 

LOWS) BAKO WINE), a Gooodda oo dn 6odae 
48 galvanized lag screws, 44 by 34% in...... 
96 galvanized carriage bolts, 3¢ by 4% 


1500 ft. galvanized 7-strand 5{6-in. guy wire.. 
12 anchor rods with nuts and washers and 
necessary timber for anchor logs...... 

24 galvanized guy clamps with bolts........ 

8 galvanized sheet-iron bands to prevent 
cutting of poles by guy wire.......... 


20 galvanized-iron lightning conductors, with 
20 ground plates or galvanized-iron pipes... 
Staples and sundries, including allowance 
for breakages and contingencies....... 

80 telephone wire insulators (glass)......... 
80 side brackets for same (wood); 5-in. wire 


144 H.T. porcelain insulators..............- 
96 galvanized-iron insulator pins with 

POLcelaAmybAses ee eh See ee eee 

48 special pole-top insulator pins, with bolts. 


Total material cost per mile of line.... 


Pall 


.50 


$579.00 
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LaBor 


Clearing 50 ft. on each side of pole line @ $30 


DELZA CLE ets ta meera em nate eva ty een cares eee 5s 363.00 
Distributing poles and other materials along the 

LEG REET Serpe mien fini ee ee 50.00 
Trimming poles, cutting gains, drilling holes, 

HOW UNN? GRECEMAINS, ooGonnc ee aeann banat 40.00 
Digging holes and erecting rae ear es the 

necessary guying. Sete oe 100.00 
Fixing insulators and Gmiccie wires, faeitanne 

telephonetlincrmeeveetn eee a eee 100.00 
Supervision and sundry small labor items..... 40.00 
Loss and depreciation of tools............... 15.00 
Management and _ preliminary engineering 

SWOT Kee te ot ee Sosa ni cel bean vameiecs 35.00 


Total cost per mile for charges other than 
MA COL als eet a mae aie teteGet sai. Pees 
Total cost per mile, excluding cost of con- 
duc tormatenialuemraaey seer inne setae Pi 


CoNnDUCTORS 


$743.00 


16,000 ft. No. 1 copper conductors (hard-drawn); 700 ft. No. 4 
copper for ties (soft); 10,800 ft. No. 10 copper for telephone 


(ue pUnys AYSIS0) illo, @) SYAO jorere MOMs sy anss¢eoo0s0uens 


Total cost per mile of finished line not including interest on 
capital invested during construction period.............. 


PRELIMINARY EstimatTrn No. 2 


Mareriats (Excuupina ConpuctTors) 


10 flexible type, galvanized-steel, A-frame 


OME OD) eaSLO, fc orto 6 aban BAG OFOIOIS eS $900. 00 
1 galvanized-steel strain tower............ 170.00 
concrete foundations where necessary.... 80.00 


5600 ft. 7/g-in. galvanized Siemens- Martin steel 
strand cable for guard wire and head 


guys on half-mile flexible towers....... 180.00 
4 anchor rods, complete with clamps and 
thimbles for guy wire. “ee 4.00 


90 sets of suspension-type reamieiars ye 
ing strain insulators and small allow- 


ance for breakages, complete with 
GMOs onto ba nube aces Gatcelues oe 500. 00 


Sundry small items or special material... 50. 00 


Total material cost per mile of line...... $ 


$1322.00 


$2232.00 
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Clearing 60 ft. on each side of line at average 


(KOSI KON! CAS) [UOMO oy bo modu edenoeoaé $363.00 
Distributing towers and other materials along 

Ge MC Be yorts arses. renee sich tsar eae ae ee 90.00 
HoundabionssOravOwers reece een er tae 85.00 
Assembly of parts and erection of towers...... 150.00 
Fixing insulators and stringing wires......... 160.00 
Supervision and sundry small labor items..... 50.00 
Allowance for loss and depreciation of tools... 20.00 
Allowance for management and preliminary 

Gina NS over WON 5 oonesosuocy voneagade 50.00 


Total charges other than materials, per 
IT] Cee cee ee ee eee ee 968 .00 


Total cost per mile not including con- 
Guctonmmateriall wana ene ee eee $2802.00 


CoNDUCTORS 


No. 00, hard-drawn, stranded-copper conductors; small amount 
of No. 2 soft copper for occasional ties; special clamps, shields, 
jointing materials, etc.; 13,350 lb. @ $20 per 100 lb........... $2670.00 


Total cost per mile of finished line, not including right-of- 
way or interest on capital invested during construction... $5478.00 


The curves of Fig. 18 are intended to supplement the figures 
of the typical estimates. They give approximate costs of trans- 
mission poles or towers, with insulators fixed in position. These 
costs are the averages of many actual figures, and give an approxi- 
mate idea of the total expenditure per mile of line for various 
voltages; they do not include any clearing that may be necessary 
in wooded country, or payments for right-of-way. It is assumed 
that the conductors are of average size (No. 000 B. & 8. gauge), 
but. the actual cost of the conductors, whatever the size, must be 
added to the costs indicated by the curves in order to arrive at the 
total cost of the finished line. These curves, however, do in- 
clude an amount to cover the labor cost of stringing the wires, 
which will generally lie between $25 and $75 per wire, per mile, 
depending upon the size and number of the wires and the nature 
of the ground covered by the transmission line. The lower curve 
of Fig. 18 refers to wood poles or rigid steel towers (for the higher 
voltages) carrying three conductors; while the upper curve refers 
to a single set of poles or towers carrying six conductors. It 


ECONOMIC PRINCIPLES AND CALCULATIONS 47 


should be understood that the curves of Fig. 18 give only an 
approximate indication of the probable capital expenditure on 
the line. The actual cost will depend upon the character of the 
country, the nature of the ground, and other local conditions, 
such as cost of labor and facilities for transportation. These, 
together with the weather conditions, force of wind and possible 
loading of wires with sleet or ice, will determine the most eco- 
nomical span and the average height of pole or tower. The cost, 
as previously mentioned, will also depend upon the material of 
the conductors, as a larger or smaller sag will influence spans 


$2400 — ea aan ee 
3200 ob or ie ; =] 
3000 Nirmal bo 
2800 ta = 
2600 a 
2400 ey 
2200 . 
2000 
1800 ica sy Ges 4 
x 1600 = 5 = 
a 
> 1400 iF a ie 
a 
& 1200 4 : : 
These curvés give the approximate 
1000 | cost per mile of a transmission 
oo line complete with insulators, buf 
mot including the cost of conductors, 
600 right of way, clearing ground in 
400 4 wooded country, or interesb on 
? capital during contruction period. |__| 
200 al The labor cost of stringing the 
| conductors is; included. 


10 2 ~©=— 30 40 50 60 0 80 9 100 100 
Pressure, Kilo-watts 


Fig. 18.—Approximate cost of overhead transmission lines. 


and height of poles. The weight and diameter of conductors, 
by affecting the required strength of the supports, will be factors 
in determining the cost of the complete line, apart from any 
difference in the value of the conductors themselves. The actual 
cost of stringing very light or very heavy conductors will also 
differ from the average amount allowed for the purpose of plot- 
ting the curves. The number and style of lightning conductors, 
if any, and whether or not one or more grounded guard wires 
are strung above the conductors will obviously modify the average 
figures. Although steel poles, or steel towers, will generally be 
found more economical than a wood pole line for voltages above 
44,000 on account of the heavier insulators, wider spacing be- 
tween conductors, and generally greater height of support, it 
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does not follow that wood poles or wood-pole structures may not 
prove economical, even for comparatively high voltages, in coun- 
tries where suitable timber is plentiful and the ready means of 
transportation and erection of steel towers are wanting. For 
instance, the cost per mile, as obtained from Fig. 18, is $2600 
for a single 100,000-volt three-phase line supported on rigid square 
base steel towers, and it is not improbable that an entirely satis- 
factory wood pole line could be built under favorable conditions 
at a figure appreciably below $2000 per mile (not including 
conductors, right-of-way, or clearing wooded land). But it does 
not follow that the wood pole line is the most economical, because 
the probable cost of maintenance, repairs, replacements of de- 
cayed or damaged poles, and all charges to be met annually or 
periodically during future years must be carefully considered 
before a final decision can be arrived at. 

21. Cost of Overhead Conductors.—The capital expenditure 
on conductors will depend upon the material and the total weight. 
It is not proposed to discuss, in this place, the relative merits of 
copper and aluminum as conductor materials, but it may be well 
to point out that although the market values of these metals 
may be such that the use of aluminum may lead to some saving 
on first cost, there are many engineering points to be most care- 
fully considered before definitely adopting either metal. The 
weight of the conductors necessary to transmit a certain amount 
of power over a definite distance will obviously depend upon the 
voltage, but apart from the engineering difficulties encountered 
at the higher voltages, there are economic considerations which 
determine the maximum voltage suitable for any given conditions. 
Among these may be mentioned a possible increase in the cost 
of generating plant for the higher pressures, the greater cost of 
step-up and step-down transformers and of the control apparatus, 
together with the line insulators, entering bushings, etc. The 
transmission line poles or towers will also, as previously men- 
tioned, cost more for the higher pressures, because of the wider 
spacing between conductors and the greater length of insulator 
string. Then again, with the extra high pressures, the increased 
losses through leakage over insulators and possible corona losses 
may be quite appreciable. . 

Given a definite amount of power to be transmitted, and a 
definite line pressure, the current can be calculated; and the eco- 
nomic conductor cross-section—and therefore the weight and 
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cost of the conductors—will be directly proportional to this 
current. It is only of recent years that this fact appears to have 
been generally recognized, and yet, so long ago as 1885, in his 
Cantor lectures delivered in London, Prof. George Forbes said: 
“The most economical section of conductor is independent of 
e.m.f. and distance, and is proportional to the current.” The 
determination of the current value to be used in the calculation of 
conductor sections is a real difficulty. It must not be supposed 
that even a knowledge of the load factor is sufficient by itself. 
The load factor, being the ratio of average load to maximum load, 
does not give the relation between the average J2R loss and the 
I?R loss of maximum output. The power lost in the conductors 
of a constant potential supply is proportional to the square of 
the power transmitted. On the basis of the average hydro- 
electric load curve, if the load factor is 50 per cent., the load on 
which the average transmission line losses should be based— 
being the square root of the mean of the square of the power— 
will probably be found to be more nearly 60 per cent. than 50 
per cent. of the maximum load. 

Although the discussion which follows refers mainly to over- 
head transmission lines, the same general principles should 
govern the choice of conductor cross-section in underground 
cables. As an economic problem, the underground system of 
transmission differs from the overhead system mainly in the 
fact that the cost of the insulation in a cable is a function of the 
conductor diameter, whereas the cost of line insulators is less 
closely connected with the size or weight of the overhead con- 
ductors. The cost of insulation is relatively more important in 
cable systems than in overhead transmissions. Some reference 
to the economics of power transmission by underground cables 
will be made in Chapter VII. 

22. Economic Size of Conductor. Kelvin’s Law.—Before 
considering to how great an extent the voltage may be raised, in 
order to keep down the current, without exceeding the limits 
determined by economic considerations, it will be well to examine, 
in some detail, the fundamental principle known as Kelvin’s law, 
by which the proper size of conductor to carry a known current 
is determined. In this connection it is of no consequence whether 
the transmission is by direct or alternating currents, single 
phase or polyphase. If conductors have to be provided to 


carry a current of known amount, these may be of large cross- 
4 
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section and therefore of high initial cost, but of so low a resistance 
that the J?R losses will be small; or they may be of small cross- 
section and high resistance, the capital expenditure on which 
will be small; but in which the J?R losses will be large. The 
economical size of conductor for any given transmission will there- 
fore depend on the cost of the conductor material and the cost 
of the power wasted in transmission losses; and the law of maxi- 
mum economy may be stated as follows: The annual cost of the 
energy wasted per mile of the transmission line, added to the an- 
nual allowance (per mile) for depreciation and interest on first cost, 
shall be a minimum. 

If it is assumed that the cost of poles or towers, insulators and 
other materials (apart from the conductors themselves) including 
the labor on erection and stringing of wires, is independent of 
the actual size of conductor, then the only variable item in the 
capital expenditure is directly proportional to the cross-section 
(or weight) of the conductor, and since the J?R losses (for a given 
current) are inversely proportional to the conductor cross-section, 
the law of maximum economy is greatly simplified, and in fact 
becomes Kelvin’s law, which may be expressed as follows: 

The most economical section of a conductor is that which makes 
the annual cost of the I?R losses equal to the annual interest on the 
capital cost of the conductor material, plus the necessary annual 
allowance for depreciation. The cross-section should, therefore, 
be determined solely by the current which the conductor has to 
carry, and not by the length of the line or an arbitrary limit of 
the percentage full-load pressure drop. If there are reasons 
which make a large pressure drop undesirable, then, if necessary, 
economy must be sacrificed, and the line calculated on the basis 
of regulation only. It will, however, generally be found that 
the economic conductor will give reasonably good regulation. 

The diagram, Fig. 19, shows clearly how the minimum total 
annual cost occurs when the cost per annum of the wasted energy 
is equal to the capital cost expressed as an annual charge; and if 
desired a graphical solution of Kelvin’s law can readily be ob- 
tained by this means. In Fig. 19, the horizontal distances meas- 
ured to the right of the point O represent increasing conductor 
resistances; while the vertical distances represent money. The 
curve A shows how the annual charges depending on capital 
outlay decrease with increase of conductor resistance; while the 
straight line B indicates the growth of the cost of wasted power; 
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this being directly proportional to the resistance. By adding 
the ordinates of curves A and B, the curve C is obtained, of which 
the lowest point indicates the resistance per mile of conductor 
which will be the most economical to use, whatever may be the 
length of the line, or the pressure required at the receiving end. 
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Fra. 19.—Graphical illustration of Kelvin’s law. 


It will be observed that this minimum occurs where the two 
curves cross. 

23. Practical Method of Applying Kelvin’s Law.—The follow- 
ing formulas have been evolved with a view to facilitating 
the calculation of conductor sizes to give the most economical 
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results on overhead transmissions. In every case the lesser 
factors which may, to a small extent, influence the results of the 
problem will be disregarded, but they may be taken into account 
when the final details of the transmission line are being con- 
sidered. On the other hand, it will generally be found that the 
application of Kelvin’s law in its simplicity, without regard to 
such influences as the possible variations in cost of supports, in- 
sulators, etc., depending upon the size of the conductors, will 
give results sufficiently accurate for practical purposes, and this 
for two important reasons: 

1. A small variation in the diameter of the conductor either 
on the large or the small side is usually of very little consequence 
from the economic point of view. 

2. As the standard size of conductor nearest in diameter to 
the theoretically correct size is generally selected, refinements or 
increased accuracy in the calculations will rarely affect the size 
of wire which is ultimately decided upon. 

24. Economic Ohmic Voltage Drop—It is not generally 
realized that when the size of a conductor is determined by the 
application of Kelvin’s law the ohmic drop of pressure per unit 
length of conductor is independent of the actual voltage or the 
current to be carried, and therefore bears no definite relation to 
the total amount of power to be transmitted. The economic 
data and assumptions alone determine the ohmic drop in volts per 
unit length of conductor, and this will be a constant quantity 
whatever the number of conductors or system of electric trans- 
mission adopted, the total amount of power to be transmitted, 
or the voltage ultimately decided upon. ‘This fact very consider- 
ably simplifies the problem in its earlier stages. 

The formula for the economic voltage drop may be arrived 
at as follows, bearing in mind that the annual charges to be 
considered are (1) an annual charge for interest and depreciation 
on the cost of the line wire; (2) the annual cost of the energy 
wasted in the conductor in the form of [?R losses,! and that the 
equality of these two items of cost determines the size of the most 
economical conductor. 

Annual Charges Depending Upon Cost of Conducior—Let p 
be the price to be paid for 100 lb. weight of conductor and a the 

1 Other losses due to leakage over insulators and through the air should 


be taken into account when considering the choice of e.m.f., especially if 
this should exceed 60,000 volts, 
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percentage to be taken to cover the annual interest and deprecia- 
tion, then, if & be the resistance in ohms per mile of the conductor, 
a 1 o 

100 R x K (16) 
where K is a constant depending upon the material of the con- 
ductor and the temperature. 

Annual Cost of Energy Lost—Let pi be the cost per kw.-year 
of the wasted energy; then, 
annual cost per mile of conductor = p; Xkw. lost per mile. 


LE 


Annual charge = OD 


= Pi X 7000xR (17) 


where HE, stands for ohmic drop in volts per mile of conductor. 
In order to satisfy the condition of equality between the values 
(16) and (17) we must write 


axpxk _ pi X EP 
109 xX R 1000 X R 


whence 
enon ee (18) 
P1 
If the temperature is about 20 degrees Centigrade, and the 
material of the line is copper, the constant AK may be taken as 
8.76, while for aluminum it works out at 4.32. Inserting these 
values in the last formula, the economic ohmic voltage drop per 
mile of copper conductor becomes: 


ee Oras ie (19) 
Pi 

Bee (ee (20) 
Pi 


If preferred, these formulas can be put in the form: 


Circular mils per ampere (copper) = 5800 ese (21) 
and, 


; [ op. 
Circular mils per ampere (aluminum) = 13,400 Te (22) 


25. Economic Voltage, and Calculation of Conductor Sizes.— 
Having ascertained what will be the most economical ohmic 


and for aluminum: 
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drop of pressure per mile of conductor without reference to the 
total amount of power to be transmitted, the size of the conductor 
cannot be determined unless the value of the current is known, 
and this will depend upon the pressure at which the energy will be 
transmitted. 

If the cost of the conductors forming the transmission line, 
and the J?R losses therein, were the only considerations, a high 
voltage would in all cases be desirable on account of the corre- 
sponding reduction of current for a given amount of energy to be 
transmitted. But, apart from the extra cost of the line due to 
the better insulation and wider spacing of wires required by the 
higher pressures, the cost of generation and transformation of 
high-pressure energy must be taken into account, and as the 
extra cost per kilowatt of equipment for generating at high pres- 
sures will depend largely upon the total output required, it 
follows that the most economical pressure will bear some relation 
to the total power to be transmitted. This is apart from the 
distance of transmission, which is the most important factor 
governing the choice of voltage. If the distance is great it is 
obvious that the reduction of material cost and power losses in 
the line due to the employment of higher pressures will be rela- 
tively of far greater importance than the increased cost of plant in 
generating and transforming stations. On the other hand, 
the employment of very high pressures even on a comparatively 
long line might not be justified if the total amount of power 
to be transmitted were very small. 

As a first approximation, the writer has found the following 
formula useful in getting out preliminary estimates; the line 
voltage given by the formula agrees generally with modern 
practice. - 


k.w. 


Line pressure (kilovolts) = 5.54/L + 100 


(23) 
This empirical formula may be used for estimating the probable 
economical transmission voltage on lines over 20 miles in length. 
The symbol LZ stands for the distance of transmission in miles, 
while k.w. stands for the estimated maximum number of kilo- 
watts that will have to be transmitted over one pole- or tower- 
line. 

Given the amount of power to be transmitted and the length 
of line, one can with the aid of formula (23) decide upon a stand- 
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ard voltage and proceed with the calculations for current and 
size of conductor; but it is necessary always to bear in mind that 
a transmission line cannot be considered by itself; it must be 
treated as part of a complete scheme of transmission and dis- 
tribution, and the best voltage to use on any given system can 
generally be arrived at only by a method of trial and error, taking 
into account the cost of the various parts of the complete system 
as influenced by alterations in the transmission voltage. No 
accurate formula can be evolved which would be applicable to 
all the varied conditions encountered in actual work; but a 
practical method of attaining the required end will be explained 
later. 

26. Example Illustrating Quick Method of Determining Eco- 
nomic Size of Conductors.—For the purpose of working out a 
practical example the following assumptions have been made: 

Total kilowatts to be transmitted, P = 12,000. 

System, three-phase. 

Power-factor = 0.8. 

Distance of transmission = 120 miles. 

Copper conductors to be used, the cost p being $20 per 100 
lb. 

Percentage to be taken to cover depreciation and annual 
interest on cost of copper, a = 12.5. 

Estimated cost of wasted power per kilowatt-year, p, = $22. 

The economic voltage drop per mile of single conductor will be, 
by formula (19), eee 

12.5 X 20 
E, = 9.35 eS 
= 31.5 volts 

The transmission voltage as given by formula (28) is: 
12,000 


Kalovolts = 5.5 {120 =i 100 
= 6 , 


or, say, 88,000 volts at the receiving end. 
The current per conductor will be: 
Watts 


4/3 X E X cos 0 
12,000,000 
4/3 X88,000 X 08 
= 98.4 amp. 


if = 
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Resistance of conductor per mile = = = 0.32 ohm, 
and since No. 3-0 B. & S. wire has a resistance of 0.826 ohm 
per mile, that is the standard size which should be adopted 
unless a more careful study of the complete scheme should lead 
to a different decision in regard to the pressure of transmission. 

Since, for a given amount of power to be transmitted, the 
current will vary inversely as the pressure, it follows that the 
resistance per mile of conductor to give the economic voltage 
drop per mile (31.5 volts in this particular example) will be 
directly proportional to the pressure at which the power is 
transmitted. Thus if 110,000 volts were found to be a more 
economical pressure than 88,000, the ohms per mile of conductor 
0.32 X110 
ties 
No. 2-0 (ohms per mile = 0.41). 

Power Lost in Line.—If w stands for the total I[?R watts lost 
in the three conductors, based on the calculated value of the 
resistance, then 

w= 38 < length-efkline <x J x E; 
= 3 X 120 X 98.4 X 31.5 
= 1115 k-w. 
on the assumption that a transmission pressure of 88,000 volts 
is adopted; and since the total kilowatts transmitted are 12,000, 
the percentage power loss is: 
Sa oe = 9.3 per cent. 

Voltage Regulation—The drop in pressure per conductor, 

due to ohmic resistance only, will be: 


E, X length of line = 31.5 X 120 = 3780 volts 
or 3780 X 1/3 = 6550 volts between wires, since the system is 
three-phase and the volts H, refer to a single conductor only. 
The percentage ohmic drop is, therefore: 


would be = 0.4, the nearest standard size being 


—— = 7.44 per cent. 


This figure alone does not, however, give much indication 
as to what will be the actual regulation of the line, as the effects 
of inductance and electrostatic capacity must be taken into 
account and the resultant difference of pressure between the 
transmitting and receiving ends of the line calculated by any 
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one of the usual methods. The resultant pressure drop may 
be found to be excessive; it may be such as cannot readily be 
dealt with in a practical scheme, and in such a case the economy 
of the line may have to be sacrificed by putting in larger 
conductors. 

It is obvious that other conditions may render it inexpedient 
or impossible to adopt the most economical size of conductor 
as calculated by the application of Kelvin’s law, but in such 
cases experience and common sense will usually indicate the 
proper course to follow. If the economic size of wire is small 
it is possible, but not probable, that there may be trouble due 
to excessive heating. A want of mechanical strength, or loss 
of power due to corona formation, are more likely to lead to the 
selection of a conductor diameter larger than the ‘economic 
size.” If, on the other hand, the conductor diameter is very 
large, there may be difficulties in handling and in taking the strain 
on the individual insulators. The remedy in this case is obviously 
to subdivide the single circuit into two or more parallel circuits, 
and, in fact, there are many advantages in doing so rather than 
running very heavy single conductors. One particular aspect of 
the question of subdivision of transmission lines is dealt with in 
Appendix I. 

Again, even from the economic point of view, the case might 
arise of a temporary installation intended to give a quick return 
on capital invested, and an exceptionally small size of wire giv- 
ing a large J?R loss might produce the best results. This, how- 
ever, leads to the consideration of the most important factor 
in the whole problem, namely, the correctness of the estimates 
of costs, depreciation allowances, and power transmitted, upon 
which the value of the calculated results will mainly depend. 
It is here that the experience, foresight and sound judgment of 
the engineer must necessarily play an important part, and it 
is not possible in this chapter to do more than draw attention to 
some considerations which must not be overlooked. 

27. Estimation of Amount and Cost of Energy Wasted in 
Conductors.—The correct value of the power (P) from which 
the value of the current (I) is determined is frequently very 
difficult to estimate. This is a point which is best considered 
when determining the cost of the wasted energy. It is, however, 
clear that the annual amount of energy wasted will depend 
not only on the average value of J?, but also on the time during 
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which the average amount of power may be considered as being 
transmitted by the wires. If, therefore, it is desired to estimate 
accurately the amount of energy wasted annually in the lines, a 
probable load curve for the year should be drawn and the aver- 
age I? calculated therefrom. This will give a value for I which, 
if considered as flowing in the wires continuously throughout the 
year, will lead to a certain watt-hour or yearly energy loss, 
the cost of which it is desired to know. 

Now, the annual cost of production of an additional elec- 
trical horse-power, considered apart from the total cost of pro- 
duction, is always ‘difficult, if not impossible, to estimate ac- 
curately, but where coal is the source of energy there is at least 
the extra cost of coal consumed to be taken into account when 
estimating the production cost of the lost energy. The case 
is different in a water-power generating station, where the cost 
of running the station at full output is very little in excess of 
the cost of running at one-quarter or one-tenth of maximum 
output, and it is even more difficult to decide upon a figure 
which shall represent the cost of wasted energy (p: in the cal- 
culations) with sufficient accuracy to make the calculations 
of the economic conductor of real practical value. 

There are two points in connection with water-power proposi- 
tions which must never be lost sight of: 

(1) If the amount of water-power available is limited, while the 
demand for power is unlimited, the cost (pi), of the wasted 
energy may be taken at the price which the user would actually 
be prepared to pay for it were it available for useful purposes. 

(2) If the water-power is unlimited as compared with the de- 
mand for power, the cost of wasted energy is practically nil, ex- 
cept for the fact that a generating plant has to be installed of a 
somewhat larger capacity than would otherwise be necessary; 
and the works cost of the wasted energy must, of course, include 
a reasonable percentage to cover interest and depreciation on 
this extra plant. 

28. Estimation of Percentage to Cover Annual Interest and 
Depreciation on Conductors.—So far as interest is concerned, 
if cash is to be paid for the conductors, the figure to be taken for 
interest on capital should be on a par with the expected. per- 
centage profit on the complete undertaking; but if the conductors 
are mortgaged, it is the annual amount of the mortgage which 
should be taken. 
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In regard to depreciation, the probable life of the con- 
ductor must be estimated, and this, to a certain extent, may 
depend upon the life of the transmission line considered as a 
whole. 

29. Economic Voltage.—It should be clearly understood that 
the foregoing articles deal only with the determination of the 
correct size of conductors based on certain assumptions as regards 
voltage and power to be transmitted. The cost of generating 
and transforming plant and buildings, as influenced by the volt- 
age, must be carefully considered, together with the type and cost 
of pole line, so far as these are influenced by the size of the con- 
ductors. The character of the country, too, will have some bear- 
ing on the design of the transmission line, and the final choice of 
voltage may depend to some extent upon whether a wood pole 
line with comparatively short spans and (preferably) small 
* spacing between wires is likely to be more economical than a line 
with steel towers which will permit of longer spans with wider 
spacing between wires. In other words, the total cost of the 
whole undertaking and the total annual losses of energy from all 
sources, as influenced by any change of voltage, must be con- 
sidered before the line pressure as given by formula (23) can be 
definitely adopted as being the most economical for the under- 
taking considered as a whole. 

Clearly, the choice of the transmission voltage is a very im- 
portant matter; and since it is possible to determine the proper 
voltage on purely economic grounds, the use of exceptionally high 
pressures merely because of their interest from an engineering 
standpoint, should be discouraged. On the other hand, it would 
appear that most transmission-line troubles occur on lines work- 
ing at pressures between 30,000 and 80,000 volts; and an im- 
portant consideration to bear in mind is that more trouble 
may be experienced with heavy currents than with high voltages, 
owing to the more serious effects of interruptions or transient 
disturbances when the current is large, so that greater security 
may sometimes be obtained by increasing the voltage with a 
view to reducing maintenance and operating costs. 

When figuring on the best voltage for any particular scheme, 
the capital cost of all works, buildings, or apparatus, which is 
liable to be influenced by the transmission-line pressure, together 
with all operating and maintenance charges which may be simi- 
larly influenced, must be taken into account. It will usually 
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be found convenient to reduce all such costs or differences of 
cost to the basis of annual charges. 

30. Costs Other Than Transmission Line, Liable to be Influ- 
enced by Voltage Variations.—The cost of a generating station 
complete with all plant and machinery, but not including trans- 
mission line, may be anything from $25 to $200 per kilowatt 
installed. It will depend on total output, that is, on the size 
of the station, on location, and transport and labor facilities. 
The cost of a hydro-electric station will depend on the head of 
water, the amount of rock excavation, the size of dam, length 
of tunnels and penstocks, etc. 

The figures given in the accompanying table are approximate 
costs per kilowatt (not including the transmission line) for a 
medium-head hydro-electric development suitable for a total 
output in the neighborhood of 10,000 k.w. to be transmitted over 


Transmission-line voltage 
30,000 60,000 | 100,000° 

Hydraulic works outside power-station buildings. ./$15.00 |$15.00 |$15.00 
Power-station building, including excavations.....| 5.00] 5.06] 5.10 
iRecelvin g-staulon bUullding- weer ne ena tne 100) OSs Os 
Swatch-cears(bovhvends) ere renee en eee 1.20 WBYs it, 740) 
Electrolytic lightning arresters.................. 0.34 | 0.66 1.20 
sbransformersn(bovanends) eenpen we teentr ene eens 2.50} 2.90} 3.50 
Generatorsrandaexciters meer ere re arin nr 8.00 | 8.00] 8.00 
Cables in buildings, entering bushings, etc........ 0.40] 0.40] 0.50 

Crane, sundries, and accessories, including pre- 

linia nyaw OLKWe: ese eee a alee eee at 2.00 2.10} 2.20 
Turbines and hydraulic equipment.............. 10.00 | 10.00 | 10.00 
SL OUHIECOStEDEI LOW .2 Ulm tea eee ene $45.44 |$46.50 |$48.25 


two outgoing three-phase feeders. The usefulness of these figures 
lies mainly in the indication they give of the probable differences 
in cost with the variation of transmission-line pressure. ‘ 

31. Annual Charges Depending on Voltage——These charges 
may be summarized as follows: 

1. A percentage on all capital expenditure, whether for gener- 
ating station, transmission line, or receiving stations, which is 
not constant irrespective of voltage. 

2. The yearly cost of the power lost in the transmission line. 
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3. The yearly cost of power lost in generators and transformers 
(the efficiency of the electrical plant will not necessarily be the 
same for all voltages). 

4. The yearly cost of maintenance and operation. This may 
depend upon length of spans in transmission line, and on the 
necessary plant, switch-gear, etc., to be attended to, and kept 
in working order. 

The percentages referred to under item (1) must include in- 
terest on capital invested and depreciation. 

32. Depreciation.— Depreciation is the loss of value or com- 
mercial utility due to deterioration with age. The term may 
be used to cover loss of value resulting from very different causes. 
A distinction should be made between natural and functional 
depreciation. 

Natural or physical depreciation is the loss of value due to 
physical or chemical changes which, in time, will render the 
machine or plant practically useless. Atmospheric changes, 
alternations of heat and cold, wear and tear, erosion, rust, 
decay, electrolysis, are causes of natural depreciation. 

Functional depreciation is the loss of value due to the fact 
that, with the lapse of time, the machine, plant, or structure 
under consideration does not function as efficiently as when it 
was first put into use, or as efficiently as it should function 
to compete with improved methods or apparatus. It may be- 
come inadequate owing to rapid growth in the demand for the 
service which it is intended to render; or it may become obsolete. 
Thus, functional depreciation may be due to either inadequacy 
or to obsolescence. A machine or structure becomes obsolete 
owing to scientific or artistic developments, 7.e., inventions. It is 
practically impossible to predict a future state of development in 
any branch of engineering, and the proper amount to allow for 
depreciation is largely a matter of guesswork based upon previous 
experience. A sinking fund for the creation of a depreciation 
reserve should be formed by placing annually at compound in- 
terest a certain sum of money which, at the end of the estimated 
life of the structure or plant, will reproduce the sum originally 
invested. The accompanying table has been worked out on a 
basis of 5 per cent. compound interest. It gives the amount, in 
dollars, which must be put aside each year in order to provide a 
fund of $100 at the end of a term of years after which the value of 
the works or materials under consideration is assumed to be nl. 
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DEPRECIATION TABLE 


(On basis of 5 per cent. compound interest earned by money put aside 


annually) 

Life, years id ae Life, years eater 
Oe eee othe a 48.70 seater ero tcl eee oe 1.710 
Al OMAR Es SOs 23.20 BOs mane foe te re E505 
(Oke Aderotar agement 14.70 BPs ew 5 ake dE 12325 
See Ore on: 10.50 eter cree: Oni Gack ene ae th ens 

LO eee AT a Tf OD SOM neclaceecs oe 1.045 
oa ee Ree re 6.28 One eran ae 0.928 
TSS, ete ea te 5.10 AD) eerie ey as | 0.828 
Gis eerocmumr the cae: 4.23 AES tei SEL BA oo Boye 0.740 
IRs keso) ate rice Rot Cnr 3.55 AA Sa con aS 0.662 
2 Ole eae 3.03 AGE 25s shen ys 0.593 
DDB Oot hee ae RE 2.60 4S Wie Aer eee 0. 5382 
DA ae OPE ee mele 2.25 SO tert cr cae ee 0.477 
DORA corres euareas tea 1.96 | 


Although it is rarely necessary to consider scrap values, an 
exception should be made in the case of the copper conductors of 
transmission lines. If D is the price originally paid for the 
material, and S is the estimated scrap value at the end of n 
years, the percentage of the original sum D to be put aside 
annually to cover depreciation is not r per cent.—as calculated 
for zero value at the end of n years—but 7’ per cent. of which the 


value is 
ie r(— — 


The “life,” in years, of any part of a machine or structure is 
very difficult to estimate. It is here that the distinction between 
natural and functional depreciation becomes important, because 
whichever one appears to indicate the shortest life, should be 
considered to the exclusion of the other. Thus, the life of wood 
poles—liable to decay and attacks by insects—will lead to the 
allowance for natural depreciation being larger than for func- 
tional depreciation, and the latter can therefore be ignored. But 
there are many kinds of plants, such as generators of inefficient 
design or insufficient capacity, of which the life determined on a 
basis of functional depreciation is shorter than their probable 
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wearing possibilities, and it is then the natural depreciation which 
should be ignored. 

33. Example: Method of Determining Most Economical 
Voltage.—Consider the case of a typical medium-head hydro- 
electric power station: 

Distance of transmission = 50 miles. 

Duplicate three-phase line with copper conductors. 

Cost of copper conductors = $20 per 100 lb. 

Power demanded = 15,000 hp. or 11,200 k.w. (It is assumed 
that this power will be required continuously day and night for 
industrial purposes, and that it is the probable limit of the water- 
power available.) 

Power factor = 0.8. 

Selling price of power = $21 per horsepower-year. 

Interest on capital invested; allow 6 per cent. 

The economic drop of voltage per mile of single conductor as 
given by formula (19) is: 


E, = 9.35 axe 


Pi 


Where p is the price in dollars of 100 lb. weight of conductor (in 
this example p = 20), a is the percentage to cover annual depre- 
ciation and interest on cost of conductors, and 7p; is the cost per 
lilowatt-year of the wasted power. The proper value for a 
may be arrived at by estimating the term of years corresponding 
to the life of the conductors, at the end of which they are supposed 
to be of no value. Taking 16 years as the life of the conductors, 
the depreciation to be allowed according to the table is 4.23 
which would be the proper value to take on the basis of 5 per 
cent. compound interest if the copper wire has no scrap value at 
the end of this time. It is very difficult to estimate the scrap value 
of conductors 16 yearsahead. Apart from the market quotations 
which may then determine the price per pound of the metal, the 
fact that the transmission line is very likely a long way from the 
place where there is a demand for the copper must not be over- 
looked. Not only must the labor cost of removing the wires from 
the poles, together with the transportation charges, be deducted 
from the price obtainable for the copper, but a further deduction 
should usually be made to cover, in whole or in part, the cost 
of stringing the new conductors. Assuming the net amount 
likely to be obtained from the sale of the scrap copper to be $6 
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per 100 lb. the proper allowance for depreciation will be 


£28 X 14s) 
ee 


which makes 
= 6 + 2.96 = (say) 9 per cent. 


With regard to p,, if the demand for power were equal to the 
available supply from the time of the power-plant being put into 
operation, the works cost of waste power would be the same as 
the selling price; but, if we assume that the suppty exceeds the 
demand during the first four years of operation, and that the 
cost of waste power during this period is only $7 per horsepower- 
year,! the average cost of wasted power during the 16 years life of 
the conductors should be arrived at by estimating the current and 
power loss for each year that the plant is in operation. 

A first approximation to the required line voltage may be 
obtained by formula (23): 


a kilowatts 
Kulovolts = 5.5 ee ++ ative 


ee a 


- 


= 70) 
The current will be, 


1 kilowatts transmitted 


4/3 X 70 X 0.8 


ers ilowatts 
o7> 


The line losses will be proportional to J?, and in order to arrive 
at a suitable value for p; for use in formula (19), the demand for 
power during the first four years of operation (before the hy- 
draulic plant is utilized to its possible limit) should be esti- 
mated, and a table constructed as below. An average figure 
may be assumed for power supplied during any given period of 
twelve months. 


The actual works cost of the wasted power is always difficult to deter- 
mine exactly. It must, however, be remembered that even with unlimited 
power, and no appreciable increase in maintenance and operating charges 
with increase of losses, the greater capital cost of the plant installed to 
provide this waste power has to be taken into account and expressed in the 
form of an annual charge per kilowatt wasted, whether this waste occurs 
in the generating and transforming plant or the line itself. 
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1 | 2 


| 

| 
: Estimated als 
Period kilowatts Current I I? X years 
| demanded | 


Meter oaiee tn ewe pte es. 4,000 41.3 1,710 
DOG CAT ee en eee hence ip anne te 5,000 51.6 2,660 
SCURV CS ye Mem eae Moe oh honed ee So 6,000 | 61.8 3,820 
Ci | i es Ot re 8,000 | 82.5 6,800 
bub voul@thiyeurs;. 0% 0. la. 5. 17,200 | 115.5 160,000 


Total = 174,990 or, say, 175,000 


The total of the figures in the last column covering the four 
years during which the cost of waste power is estimated at $7 
per horsepower-year, is 14,990, or say 15,000, as compared with 
160,000 for the period of 12 years during which the cost of the 
wasted power will be $21 per horsepower-year. A reasonable 
value to take for p, is, therefore, 

(15 X 7) + (160 X 21) 
eae more so 
where the figure 0.746 is merely for the purpose of converting 
cost per horsepower into cost per kilowatt. 

The economic resistance pressure drop, by formula (19) is 

therefore 


= 28.2 volts per mile 


{t is well to note that the economic voltage drop does not 
correspond, in this particular example, to the full load ohmic 
drop of pressure. The current which causes the ohmic drop 
of 28.2 volts per mile may be calculated as follows. The average 
value of 7? is the total of column 4 in the above table, divided 
by the number of years, namely, oe = 10,930, the square 
root of which is 104.5, and this is the figure for current to be used 
in the preliminary power-loss calculations, instead of 115.5 which 
is the full load current. The line may therefore be considered 
as transmitting continuously 1/3 X 70 X 0.8 X 104.5 = 10,180 


or, say, 10,000 kilowatts. 
5 
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When the section of the conductors is such as to satisfy Kel- 
vin’s law of economy, the yearly cost of the J?R losses is equal 
to the amount representing annual depreciation and interest 
on first cost of conductors; and the total annual charges on active 
line material, for a three-phase line, will therefore be: 


Pi x I?RL 
1000 


where Ff is the resistance per mile of conductor. But 
_ PX 1000 
1/3 X E X cos 0 
where P stands for the kilowatts transmitted. 


Also: TR = voltage loss per mile = H,. So that the formula 
for the total yearly charges on conductors may be written 


2A 8 SOHO ee XL 
E X cos 0 


2X xX 3 


(24) 


which in this example becomes 


2X 1/3 X 28.2 X 10,000 19.8 X 50 
70,000 X 0.8 


= $17,300 


An amount which is independent of the fact that the trans- 
mission, in this particular instance, is by two three-phase lines 
ordinarily connected in parallel. 

34. Closer Estimate of Economical Voltage.—In order to take 
into account first cost, life, annual maintenance, and operating 
charges of every portion of the complete undertaking which may 
be affected by a change in the transmission voltage, the costs, 
worked out on an annual basis, may be arranged in tabular 
form as here shown, where the total charges for the 70,000- 
volt scheme are compared with the estimated charges for an 
88,000-volt transmission. In this particular example, the figures 
are favorable to the lower voltage; but the difference is very 
small. 

By increasing the voltage of transmission from 70,000 to 88,000 
volts, a saving of $3690 is effected on the annual charges if the 
copper conductors alone are considered; but the increased cost 
of other portions of the complete plant, due to the raising of the 
line pressure, results in an actual increase of the total annual 
charges thus showing the pressure first chosen to be preferable 
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to a higher pressure. The process could be repeated for a 
voltage lower than 70,000; but the very small difference in favor 
of this pressure as compared with 88,000 volts indicates that 
any further appreciable reduction of the transmission voltage 
would almost certainly lead to a higher annual cost. 

It will be understood that the accompanying estimate of total - 
annual charges of the two selected voltages does not include any 
items other than those that are liable to vary with changes in 
the line voltage. An estimate covering the complete under- 
taking would, in addition to the items named, have to take 
account of riparian rights for dam, reservoir, etc., preliminary 
legal and other expenses; cost of providing proper access for ma- 
terials to site of works; dam and hydraulic works outside station 
building; turbines; electric generators and exciters; auxiliary 
plant; sundries and contingencies. 

In the case of a short distance transmission with a line pressure 
not exceeding 11,000 volts, and the possibility of winding the 
generators for the full pressure, the relative costs and efficiencies 
of generators wound for different voltages should be taken into 
account. 


CHAPTER IV 
ELECTRICAL PRINCIPLES AND CALCULATIONS 


35. Materials.—Under ordinary circumstances, the choice of 
material for the conductors of an overhead H.T. transmission 
line lies between copper and aluminum. Under certain condi- 
tions, as for the transmission of continuous currents or when the 
price of more suitable materials is abnormally high, galvanized 
iron or steel may prove satisfactory and economical; and com- 
pound wires or cables such as copper-clad steel, and aluminum 
cables with galvanized steel core, are used where great mechanical 
strength is of more importance than high conductivity. Much 
has been written on the relative advantages of copper and 
aluminum for transmission-line conductors, and some writers, 
who have not been interested in the sale or manufacture of con- 
ductor materials, have no doubt treated the subject impartially, 
and stated the case for either metal with clearness and ability; 
but there is usually a tendency to give too much weight to the 
question of first cost. It is very difficult to make a comparison 
which shall be of general utility, between various metals, because 
not only the electrical, but also the mechanical, properties have 
to be taken into account, and the requirements in the latter 
respect will depend largely on local conditions. Then again, 
with market fluctuations, and tariffs controlling the prices of 
raw materials in different countries, together with varying costs 
of freight from manufacturers’ works, a comparison of costs, 
except when based on current quotations, is of little value. For 
these reasons no direct comparison between conductors of differ- 
ent materials will be made here, but leading particulars will 
be given, together with such notes as the writer’s experience 
may suggest, which it is hoped will be helpful to the transmission- 
line engineer in deciding upon the right material to use under 
given circumstances. Tables of resistances, sizes and weights, 
and other physical properties of the materials will be found in the 
various engineering handbooks and manufacturers’ catalogues; 
and only such particulars will be given here as may be useful 


for preliminary calculations. 
69 


70 ELECTRIC POWER TRANSMISSION 


36. Copper.—It is probably safe to assert that, apart from 
the question of cost, the high conductivity combined with the 
great strength and elasticity of hard-drawn copper, give this 
material the advantage over all others for use on the average 
high-tension electric transmission line. 

The ultimate tensile strength of hard-drawn copper is greater 
per square inch of section in the smaller wires, being approxi- 
mately as follows: 


Gauge No., B. & S. Diameter, inches ag geet 
000 0.410 52,000 
0 0.325 55,000 
2 0.258 58,000 
- 4 0.204 60,000 
6 0.162 62,000 
8 0.128 64,000 
10 0.102 65,000 
12 0.081 66,000 
14 0.064 67,000 
16 0.051 67,500 
18 0.040 68,000 


A stranded cable, in which the pitch is usually between 12 and 
16 diameters of the cable, will generally break under a load 
slightly smaller than the combined breaking loads of the in- 
dividual wires. The tensile strength of a stranded cable should, 
however, not be less than 90 per cent. of the combined strengths 
of the single wires. 

The elastic limit of hard-drawn copper wires is about 60 
per cent. of the breaking stress; but it may be as high as 70 per 
cent. and even 75 per cent. of the ultimate stress. 

37. Aluminum.!—The conductivity of hard-drawn aluminum 
wire is between 60 per cent. and 6114 per cent. by Matthiessen’s 
standard; pure copper being 100 per cent. The weight of an 
aluminum conductor is almost exactly half that of the copper 
conductor of equal resistance, and it is about 77 per cent. as 
strong as the equivalent copper cable (safe working stress). 


1 Valuable information regarding the properties and uses of Aluminum 
wire will be found in the publication entitled “From the Falls to the Factory,” 
issued by the British Aluminium Company, Ltd. of London, England, and 
Toronto, Canada. , 
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Comparing aluminum of 61 per cent. conductivity with copper 
of 97 per cent. conductivity, the diameter of the equivalent 
aluminum cable would be 1.26 times the diameter of the copper 
cable. 

The ultimate tensile stress of hard-drawn aluminum wire 
usually. lies between 24,000 and 32,000 lb. per sq. in., de- 
pending upon the size of wire and hardness; if carried beyond 
a certain point, high tensile strength is a disadvantage, because 
the conductivity is lowered and the wire becomes “short.” 
Some recent tests made on the strands composing an aluminum 
cable of 61 per cent. conductivity gave the following results: 


Diameter of wire (inch).......... 0.1092 0.116 0.138 
IN(UUTN OEE OF WOM an oo eae onbkensee Sige 33 
Breaking stress, highest.......... 34,500 ..... 28,900 
Breaking stress, lowest........... 239200) en 24,200 
Breaking stress, average.......... 82,100 29,300 26,100 


The elastic limit of hard-drawn aluminum wire is from 50 to 
60 per cent. of the breaking stress. 

Aluminum is readily attacked by alkaline substances, and 
coils of cable should not be left lying on wet marshy ground lable 
to contain alkalies, or in old stables where ammonia may be 
present. 

Aluminum is not easily soldered, because of the thin film of 
oxide which quickly forms on the surface exposed to the atmos- 
phere. The tin must be mechanically worked through the oxide 
coating with the aid of an old file or, preferably, a scratch brush 
with bristles of 0.01 in. diameter steel not more than | in. long. 
A little experience is needed for neatly soldering aluminum into 
cable sockets, etc., partly for the above reason and also because 
the metal is a good conductor of heat, and the parts to be tinned 
will cool rapidly unless special precautions are taken. 

38. Iron and Steel—The ordinary commercial galvanized 
steel strand cable, as used for guy wires, has a breaking strength 
averaging 70,000 lb. per sq. in., and a conductivity of about 
1114 per cent. by Matthiessen’s scale. When used to con- 
vey alternating currents, the high permeability of iron in- 
creases the so-called skin effect, with the result that the resistance 
to the flow of current may be greatly increased, depending upon 
the size of the cable and the frequency. Apart from the greater 
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loss of voltage due to apparent increase of res¢stance when iron 
wires are used with alternating currents, the loss of pressure due 
to increased reactance must also be taken into account. The 
external reactance is the same for a given diameter and spacing 
of wires whatever may be the material; but the internal reactance 
will obviously be much greater for a “magnetic” than for a 
“non-magnetic” conductor. This point will be taken up again 
in a later article. When comparing iron with copper or alu- 
minum as a possible material for conductors; the shorter “life” 
of the iron wire must not be overlooked. A good quality of 
galvanized wire or stranded conductor should be used, such as the 
E. B. B. (Extra Best Best) grade of which particulars are given 
in the following tables. 

The weight of an iron or steel cable will be at least 5 times 
that of the copper cable of equal resistance, and with the higher 
grade (and stronger) steels, this multiplier may be as high as 10. 
High-grade steel conductors can be used to advantage for very 
long spans, or where the climatic conditions are such as to 
subject the cables to abnormally great stresses. Extra high 
strength steel wire can be obtained with an ultimate strength of 
180,000 lb. per sq. in. and an elastic limit of 110,000 lb. per 
sq. in. A possible maximum working stress for this material 
would be about 80,000 lb. per sq. in. 

Whatever may be the material of the conductor, a stranded 
cable made up of a large number of small wires will be stronger 
than a cable of the same sectional area made up of fewer large 
wires. 

39. Copper-clad Steel.—By welding a coating of copper on a 
steel wire, a compound wire known as hard-drawn copper-clad 
steel wire is produced. This has been well tested, and ex- 
perience has shown it to be an excellent material for many 
purposes. The wire can be made up in the form of cables if 
desired, which, when used as conductors for overhead transmis- 
sions, will have greater strength than cables made entirely of cop- 
per, and lower resistance than cables made entirely of steel. The 
two metals are intimately and permanently welded together 
by means of a special copper-iron alloy, and the relative quanti- 
ties so adjusted that the finished wire has a conductivity of 30 
per cent. to 40 per cent. of a copper wire of the same diameter. 
The ultimate tensile strength of commercial copper-clad wire of 
various sizes Is approximately as below: 
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Gauge No., B. & S. Diameter, in. Breaking weight, Ib. ee 
of same diameter 
000 | 0.410 7600 | ial ss 
0 0.325 5400 | 1.20 
2 0.258 3700 1.238 
4 0.204 2700 ) | + 
6 0.162 1750 J ee 
8 0.128 1200 ) 
10 0 1.47 


102 780 J 


40. Stranded Cables with Steel Wire Core.—The central wire 
of a stranded conductor may be galvanized steel, or a small 
diameter steel cable may be used for the core. This increases 
the strength, especially in the case of aluminum cables, and a 
compound conductor of this sort is useful for long spans on an 
aluminum wire transmission line. 

It is usual to neglect the current-carrying capacity of the steel 
core, and calculate the conductivity on the assumption that all 
the current is carried by the strands of the higher conductivity 
metal. Composite cables can be made of steel and copper wires, 
but the strength of hard-drawn copper is so great that the gain 
due to the addition of the steel core is comparatively small. 

The impedance of a steel core conductor will be higher than 
that of a conductor made entirely of non-magnetic material, but 
experiment has shown that the increase of impedance is prac- 
tically negligible when there are two layers of copper wires 
spiralled in reverse directions on a central steel core; it would 
seem as if the current divided itself in two equal parts circulating 
in opposite directions, thus neutralizing any tendency to magnet- 
ize the steel core. 

Hemp Core Cables—When a stranded conductor is made up 
of one material only, the central wire is subjected to a greater 
strain than the wires that are spiralled around it. This difficulty 
can be overcome by using hemp for the central core. A hemp 
core cable will have slightly increased diameter for the same 
conductivity and greater smoothness of surface than a metal 
core cable, and these features will raise the critical voltage at 
which corona will form. 

For particulars relating to underground cables, the reader is 
referred to Chapter VII. 
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41. Physical Constants and Sizes of Commercial Conductors.— 
The accompanying table gives the most important physical 
constants for various conductor materials. It will be noticed 
that aluminum has a larger temperature coefficient than copper. 
This has an important bearing on the economic length of span; 
the difference in sag between summer and winter temperatures 
is often considerable with aluminum conductors, but this dif- 
ference is, of course, more noticeable on the shorter spans such 
as occur with a wood pole construction: on long spans, the 
difference in sag due to temperature changes is very small, what- 
ever metal is used. 

An argument often advanced in favor of aluminum conductors 
is that the weight of these, for any given transmission scheme, 
is only about half that of copper. This is certainly an advantage 
in the handling of the wire, but otherwise it is at least counter- 
balanced by the fact that the wind effect is greater on the in- 
creased diameter and that the towers must often be higher than 
if copper is used, partly on account of the higher coefficient of 
expansion of aluminum, but mainly because of the lower per- 
missible stress. The advantage of lighter weight is largely dis- 
counted by the fact that the equivalent aluminum conductor 
can only be drawn up to a tension equal to about three-quarters 
of the permissible maximum tension of the copper cable. On 
the other hand, the larger diameter of the aluminum cable may 
be an advantage on very high-pressure transmissions, because 
it raises the critical voltage at which corona losses become 
appreciable. 

It has been customary in the United States for those in control 
of the metal markets to regulate the price of aluminum so that 
there shall be no economic advantage in using it to replace 
copper; but it is used by several power companies, among which 
may be mentioned the Pacific Light and Power Co. and the South- 
ern Sierras Power Co. On the continent of Europe and in 
Canada aluminum has found favor and is much used. 

The accompanying wire table gives the approximate resist- 
ances and weights of the usual sizes of cable, whether of copper or 
aluminum, but makers’ lists should be consulted for exact par- 
ticulars, as the method of building up the stranded conductors 
necessarily modifies to a small extent the average figures here 
given. The figures in the table are intended for quick slide rule 
calculations, and the resistances are approximately correct for 
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a temperature of 60° F. The sizes of the smaller conductors are 
given in the B. & 8. gauge because this is generally used on this 
continent. With this system, when the area of any particular 
gauge number is known, it is only necessary to double this in order 
to get the area of the third size larger; or if instead of multi- 
plying by two, the multiplier 1.261 is used, this will give the 
area of the next size larger in the B. &S. series. It is convenient 
to remember that No. 10 B. & S. copper wire measures almost 
exactly 149 in. in diameter, and has a resistance of 1 ohm per 
1000 ft. 

When the resistance, R, per mile of a stranded conductor is 
known, the weight per mile is approximately: 


For Copper; pounds per mile= 


: : : + 
For Aluminum; pounds per mile = —>- 


RESISTANCE AND WEIGHT OF STRANDED CoNnDUCTORS 


| Copper Aluminum 

Size, cir. mils Diameter, Circular Eaves eee SE 
PERE PONG erare aa eet eee Ohms | “per | Ohms | “per 
mile | ile, | hile | Mile, 
600,000 0.89 600,000 | 0.472 0.0920) 9750 | 0.153 | 2920 
500,000. 0.81 500,000 | 0.393 0.1095} 8100 | 0.182 | 2430 
450,000 he 202 450,000 | 0.354 0.1210] 7300 | 0.202 | 2187 
400,000 0.73 400,000 | 0.314 0.1363) 6500 | 0.227 | 1944 
350,000 0.68 350,000 | 0.275 0.1566) 5650 | 0.260 | 1701 
300,000 0.63 300,000 | 0.236 0.1818) 4880 | 0.303 | 1458 

250,000 0.58 250,000 | 0.1965 | 0.2192 4060 | 0.364 | 1215 ° 
4/0 0.538 211,600 | 0.1661 | 0.260 | 3448 | 0.430 | 1028 
3/0 0.47 167,800 | 0.1317 | 0.326 | 2730 | 0.542 | 816 
2/0 0.42 133,100 | 0.1045 | 0.410 | 2165 | 0.684 | 647 
0) 0.37 105,600 | 0.0880 | 0.518 | 1705 | 0.862 | 513 
1 0.38 83,700 | 0.0657 | 0.655 | 13846 | 1.085 | 407 
2 0.29 66,400 | 0.0521 | 0.826 | 1067 | 1.370 | 323 
3 0.26 52,600 | 0.0413 | 1.040 | 850 | 1.728 | -256 
4 0.23 Al700 | 020327 |) 1313) 675 2. 1859208 
5 0.207 33,090 | 0.0260 | 1.685 | 540 | 2.720] 162 
6 0.183 | 26,250 | 0.0206 | 2.091 422 | 3.470 | 126 
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42. Skin Effect.—Imagine a straight length of cable of fairly 
large cross-section, through which a steady continuous current 
is flowing, the return circuit being a considerable distance away. 
The magnetic induction due to this current will not be only in 
the non-conducting medium surrounding the wire, but a certain 
amount—due to the current in the central portions of the cable— 
will be in the substance of the conductor itself. In other words, 
the magnetic flux surrounding one of the central strands of the 
cable will be greater than that which surrounds a strand of equal 
length situated near the surface. It follows that, if the circuit 
be now broken, the current will die away more quickly near the 
surface of the conductor than at the center; and, for the same 
reason, on again closing the circuit, the current will spread from 
the surface inward. 

If, now, the conductor be supposed to convey an alternating 
current, it is evident that, with a sufficiently high frequency 
(or even with a low frequency if the conductor be of large cross- 
section), the current will not have time to penetrate to the in- 
terior, but will reside chiefly near the surface. This crowding 
of the current toward the outside portions of the conductor 
has the effect of apparently increasing the resistance; and it 
follows that if J is the total current in a cable of ohmic resistance 
R, the power lost in watts would no longer be J?R, as in the case of 
a steady current, but /?R’, where R’—which stands for the 
apparent resistance of the conductor—is k times greater than 
R, its true resistance. The multiplier k may be read off the 
diagram Fig. 20, or if preferred, it can be calculated by means of 
the formula: 


Seley lee (24) 
2 

where F is a factor proportional to the vertical distances on 

the diagram, that is to say, to the quantity area of cross-section 

x frequency. The value of F for copper is: 


F = 0.0105d2f 


k 


and for aluminum, 


F = 0.0063d?2f 


where d is the diameter of the conductor in inches, and f is 
the frequency in periods per second. This formula and the 
curves of Fig. 20 are based on the assumption that the return 
current is at an infinite distance; but this assumption introduces 
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no appreciable error when dealing with overhead transmission 
lines. 
It will be observed that, so long as the product d?f remains 
unaltered, the multiplier k is constant provided the material 
100 
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Cross Section in Square Inches X Frequency 


I) 
Oo 


at te Le | | 
1.00 102 1.04 1.06 1.08 110 1.12 1.14 116 118 1.20 1.22 124 126 128 1.30 


“Skin Effect’ Multiplier («) 


Fia. 20.—Diagram giving ‘‘skin effect”’ coefficient. 


remains the same. Thus if, when doubling the frequency, 
the sectional area of the (circular) conductor is halved, the 
resistance to alternating currents 


: : remains unaltered. 
resistance to continuous currents 


Tatlo 
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In regard to the material of the conductor, the value of F 
in the formula is directly proportional to the specific conduc- 
tivity of the metal so long as the frequency remains constant. 
Thus if F (or the value of the ordinates in the diagram, Fig. 20) 
is known for a conductor of given diameter, made of copper, its 
value for any other “non-magnetic” material is given by the 
ratio: 


conductivity of metal of conductor 
conductivity of copper 


If the conductor is of iron (or other ‘‘magnetic” material), 
the value of k may be much greater than this ratio would indicate. 
This point will be taken up again in Article 44. 

It is a not uncommon belief that when aluminum conductors 
are used in place of copper, the larger diameter necessary to 
give the same conductivity will lead to a greater loss through 
‘skin effect;”? but the above multiplying ratio makes it clear 
that the percentage increase of losses with alternating currents 
of the same frequency will be independent of the material of 
the conductor (iron excepted), because the greater sectional 
area necessary to maintain the same ohmic resistance of the 
lines when a wire of lower conductivity is used, is evidently 
exactly balanced by the higher specific resistance of the 
metal. 

The increased pressure drop and J?R loss on overhead lines 
at normal frequencies and with conductors of average size 
are usually very little greater with alternating than with con- 
tinuous currents; but when the material is iron or steel the 
difference may be very noticeable, and in such cases as the 
rail return of an alternating current traction system, it should 
be taken into account. 

43. Inductance of Transmission Lines.—For the purpose of 
calculating the flux of induction outside a straight cylindrical 
conductor, it is permissible to assume that the current is con- 
centrated on the center line of the wire. The lines of magnetic 
induction surrounding a long straight wire carrying an electric 
current of which the return path is at a considerable distance, 
will be in the form of circles concentric with the conductor. The 
number of lines, or flux in maxwells, contained between any two 
imaginary concentric cylinders, of average radius x centimeters, 
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and axial length | centimeters (see Fig. 21) will be the product 
of the magnetomotive force by the permeance, or 


a JAK USK he X< jo 
a eerih ere 

~~ 2Ilu dx 

bh x 


where J is the current in the wire, uw is the permeability, and 

dx is the separation between the cylinders, in centimeters. 
Assuming dx to become smaller and smaller without limit, 

and putting » = 1 (for the condition of flux lines in air), the ex- 


Bice Zils 


pression for the total flux outside the conductor, up to a limiting 
distance of d centimeters, is 


271 (dx 
Saree rity pee 
Dil d 

= 79 108 (‘) (25) 


where ¢ is the radius of the conductor, in centimeters. 

44, Effect of Taking into Account the Return Conductor.— 
The effective flux surrounding any single conductor of a trans- 
mission system will depend upon the distance of the parallel 
return conductor or conductors. 


ELECTRICAL PRINCIPLES AND CALCULATIONS 81 


Consider, first, the loop formed by two parallel conductors of 
circular cross-section, one carrying the outgoing current J and 
the other carrying the return current — I(see Fig. 22). The flux 
due to the current J in the conductor A may be considered as 
extending indefinitely throughout space, with ever-weakening 
intensity as the distance from the conductor increases, and the 
same argument applies to the flux surrounding the return con- 
ductor Bb, the only difference being that, if the direction of the 
flux round A be considered positive, that which surrounds B 
will be in a negative direction. It follows that the whole of the 
magnetic flux due to the current J in A, which is situated at a 
distance greater than the distance d between centers of the out- 
going and return conductors, is exactly neutralized by the flux 


Fic. 22..—Magnetic lines of force around two parallel conductors. 


due to the current — Jin B. Thus, in Fig. 22, it will be seen that 
the flux of induction surrounding A up to a distance d, is not 
neutralized by the current — J in the conductor B; but any mag- 
netic line, such as M, situated at a greater distance, P, from the 
center of the conductor A, is exactly neutralized by the mag- 
netic line N, due to the return current in conductor B, since it 
also surrounds the conductor A, but in a direction opposite to 
that of the line M. It follows that the total effective flux sur- 
rounding A—that is, the resultant flux which will give rise to an 
induced e.m.f. in the conductor when carrying an alternating 
current—is merely that portion of the total self-produced flux 
included between the surface of the conductor and the surface 
of an imaginary cylinder, concentric with the conductor, and of 
radius d, equal to the distance between the centers of the out- 
going and return conductors. The formula (25) may, there- 
6 
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fore, be used for calculating the flux which is effective in produc- 
ing an e.m.f. of self-induction in a straight conductor when the 
whole of the return current is situated at a distance d from the 
center of the conductor. 

45. Effect of Flux Lines in the Material of the Conductor.— 
The flux as calculated by formula (25) is that which surrounds the 
wire, and when the current to which it owes its existence alter- 
nates in direction, an e.m.f. of self-induction will be induced 
in the conductor. 

Since 100,000,000 lines cut per second generate one volt, and 
the total effective flux surrounding the conductor is twice created 
and twice destroyed in the time of one complete period, the 


mean value of the e.m.f. of self-induction will be a volts. The 


i . : GQ Tv 
virtual or r.m.s. value, on the sine-wave assumption, is 2/3 


or 1.11 times this quantity, whence 


4.446f 
108 


Induced volts = (26) 


If J stands for the virtual value of the alternating current, 
the maximum value of ®, by formula (25), will be 


= 


ata (:) 
QB: 7. 


Substituting in formula (26) after replacing | by the number of 
centimeters in a mile, and converting the Napierian logarithms 
into common logarithms, we get 


Volts induced per mile of conductor = 0.00466f7 log (“) (27) 


This formula is approximately correct for conductors of 
overhead transmission lines when these are of “‘non-magnetic”’ 
material; but it should be slightly modified to take into account 
the effect of the flux lines within the material of the conductor. 
This additional drop of pressure is not easily calculated because 
different amounts of flux link with different portions of the 
conductor. It is obvious that a portion of the conductor near the 
surface is surrounded by fewer flux lines than a portion near 
the center of the cross-section. The result is that the e.m.f. 
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induced per unit length of conductor is not the same throughout 
the cross-section. This suggests the possibility of eddy currents 
in the wire; but what actually takes place is a distribution 
of the current density over the cross-section such that the total 
impedance drop—or the JR drop added (vectorially) to the 
IX drop—will have the same value at all parts of the conductor 
cross-section. The correct calculation of the internal reactance 
drop for “non-magnetic” cylindrical conductors is given in 
Prof. H. B. Dwight’s book on Transmission Line Formulas. 

The result is that the inductive pressure drop is actually 
somewhat greater than as indicated by formula (27), which 
neglects the internal flux. The corrected formula is 


Volts induced per mile) _ d grah 
of single conductor | ped | 0.00466 108s al 0.000506 | i 


0.000506 
= 0,00466/1 ho ae Sarin | 
The antilogarithm of the constant in the brackets is 1.285, and 
it is more convenient to write the formula 


Reactive voltage drop per ieee 
of single conductor MEMOS RE veal ler a 5) =) 


which is the same as formula (6) already given in Chapter II. 
The reactance of stranded cables is slightly less than that of 
solid conductors of the same cross-section, owing to the fact that 
the overall diameter of the cable is greater than that of the solid 
wire. 

Excellent tables giving inductive reactance in ohms per mile 
for different spacings and sizes of wires are given in the Stand- 
ard Handbook for Electrical Engineers; these figures, when mul- 
tiplied by the value of the current flowing in the conductor, 
give the induced volts as calculated by formula (29). 

46. Iron as a Material for Transmission Line Conductors.— 
The European war, by limiting the supply of copper and aluminum 
available in Germany, and by causing an abnormal increase in the 
price of these metals all over the world, has led electrical engi- 
neers to consider the possibility of using other metals as conductors 
of electricity. Zinc has been used in Germany for insulated 
wires and cables; but it is mechanically weak, and generally 
unsuitable for overhead transmission lines. 

When considering the economic advantages of using iron or 
Steel conductors, it is necessary to take into account: (a) the 
cost of the material at the place where it is to be used; (6) the 
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‘life’ of galvanized iron wires or cables as compared with 
that of copper and aluminum; (c) the energy losses in trans- 
mission; (d) the voltage regulation, and the increased cost (if 
any) of maintaining the pressure within specified limits at the 
receiving end of the line. 

Under item (c) the greatly increased ‘‘skin effect”’ with alter- 
nating currents must be taken into account as well as the higher 
specific resistance which requires a larger cross-section of iron 
than of copper wire even when the transmission is by continuous 
currents. 

Under item (d) the internal inductance of the wire—which is 
almost negligible with copper or aluminum—becomes a matter of 
considerable importance owing to the greatly increased magnetic 
flux in the material of the conductor when iron or steel is used. 

Although cables of extra high strength steel wire are occasion- 
ally used for long spans—such as river crossings—on important 
overhead lines transmitting large amounts of energy, this material 
would not be satisfactory as a substitute for copper or aluminum 
except on comparatively short sections of the entire line. It 
seems, however, that iron or steel conductors may be used to 
advantage on short-distance small-power transmissions when the 
price per pound of copper wire has been forced up to 30 cents or 
more. } 

On account of the wide variations in the electric and magnetic 
qualities of the different grades of iron and steel wire, it is prac- 
tically impossible to predetermine losses and pressure regulation 
with a high degree of accuracy. The particulars and data, 
together with the numerical example, in the following articles 
should, however, be helpful to the reader when making prelimi- 
nary calculations on iron wire transmission lines. 

47. Apparent Resistance of Iron and Steel Conductors.— 
The relative resistances of iron and copper wires were given in 
Article 41, and wire tables will be found in the Handbooks for 
Electrical Engineers;' but the accompanying table includes 
the sizes likely to be used in practice. The figures give the 
approximate resistance to continuous currents and must be multi- 
plied by the skin effect factor when the current is alternating. 


1 Very complete particulars relating to conductor materials will be found 
in the Handbook on Overhead Line Construction published by the National 
Electric Light Association. 
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APPROXIMATE RESISTANCE PER MILE oF Sonip G ALVANIZED IRON WIRmr AT 


68° F, 
Ohms per mile 
Be Diameter, in. | —— ‘ ee ie 
EB? B: Beebe 
D 0.284 rie 4.9 | 1160 
3 0.259 4.9 5.8 960 
4 0.238 5.8 | 6.9 810 
5 0.220 6.8 i! 620 
6 0.203 8.0 9.5 590 
7 0.180 10.2 1234 460 
8 0.165 ea 14.4 390 
9 0.148 15.0 17.9 | 315 
10 0.134 1829 21.7 260 


7-strand 34 ¢-in. galv. steel (ordinary). 5.4 ohms per mile. .1110 lb. per mile 
7-strand 4-in. galy. steel (ordinary).. 8.6 ohms per mile.. 660 1b. per mile 
7-strand 54 g¢-in. Siemens-Martin steel. 7.4 ohms per mile. .1110 lb. per mile 
7-strand }4-in. Siemens-Martin steel.. 9.6 ohms per mile.. 660 1b. per mile 
7-strand y-in. E. E. B.iron......... 7.8 ohms per mile.. 660 lb. per mile 


The resistance of ordinary steel wire is about 30 per cent. higher 
than that of the E. B. B. iron. 

The skin effect coefficient will depend not only upon the diame- 
ter of the wire and the frequency, but also upon the resistivity 
and magnetic properties of the iron or steel. The magnetic 
permeability will, in its turn, be some function of the current 
in the wire, and it is not possible to express the skin effect co- 
efficient (&) by means of a simple formula as was done in Article 
42 in connection with “non-magnetic” conductors. The co- 
efficient k, for a frequency f = 60, as calculated from tests on 
certain samples of iron and steel conductors, may be obtained 
from Fig. 23. 

When the true ohmic resistance, R, of the iron conductor, is 
multiplied by the skin effect factor (&), the product, k’, will 
be the effective resistance of the wire to an alternating current 
of the given frequency (in this case 60 cycles per second). In 
other words, if the power wasted in heating the wire with con- 
tinuous currents is [2R, it will J? (kR) when carrying an alternating 
current of virtual value J. 

48. Internal Reactance of Iron and Steel Conductors.—The 
formula (28) in Article 45 gives the total inductive voltage drop 
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in a mile of ‘‘non-magnetic” conductor; the term 0.000506fI 
being the pressure drop due to the flux lines within the material 
of the conductor. Obviously, if the permeability is no longer 
uw = 1, but a larger number, the loss of pressure will be greater, 
and this is what occurs with iron conductors. 
It is a very simple matter to write 
Bee ep per mile of single conductor = 0,000506/1 X p 
ue to internal reactance 
2.6 
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Fig. 23.—Curves giving skin effect pr for iron conductors for a frequency 
but in this connection » is a purely imaginary number repre- 
senting an ‘‘equivalent permeability’? which cannot be calcu- 
lated, and which is, in any case, some function of the current (J) 
and the frequency (f). A formula in this shape is therefore 
practically worthless, and it is necessary to rely on test data 
obtained from sizes and grades of wire approximating to those 
of the conductor it is proposed to use. 
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One of the most valuable contributions available for the use 
of those desiring to calculate the probable regulation and losses 
in lines using iron or bi-metallic conductors, is the Paper No. 252 
by J. M. Miller issued by the Bureau of Standards at Washington, 
D. C. Additional data will be found in the article by Messrs. 
C. E. Oakes and W. Eckley published in the Electrical World of 
Oct. 14, 1916, in the article by L. W. W. Morrow in the Electrical 
World of July 14, 1917, and in the article by C. E. Oakes and P. 
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Fig. 24.—Internal reactive voltage drop in iron conductors. 


A. B. Sahm in the Electrical World of July 27, 1918. Data 
from these sources have been used in preparing the curves of 
Figs. 23 and 24.} 

For calculating the total inductive voltage drop in an iron wire 
transmission line, a modification of formula (28) may conven- 
iently be used, because it is desirable to distinguish between the 
external reactance—which depends only upon the size and spacing 
of the conductors, apart from the material—and the internal 


1 A valuable collection of data referring to iron wires for transmission lines 
will be found in Prof. W. T. Ryan’s article ‘‘Iron wire for short high-voltage 
lines” in the Electrical Review (Chicago) Sept. 22, 1917, Vol. 71, p. 496. 
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reactance which will be greater with “magnetic” than with ‘non- 
magnetic”? materials. 

If L is the eaternal inductance (coefficient of self-induction), 
in henrys, of the conductor due to the flux of induction outside 
the wire, and L; is the znternal inductance due to the flux of 
induction inside the wire, the total reactance (in ohms) being 

X (total) = X (external) + X (internal) 
may, on the sine wave assumption, be written 
X (total) = 2nfL + 2rfL; 
and the reactive drop (in volts) when the circuit is J amperes is 
IX = 2rfIL + 2xfIL: 


1 
The value of L per mile of conductor is 0.000741 log 2 whence 


Total reactive drop in volts d 
per mile of single iron or; = 0.00466f7 log — + V; (30) 
steel conductor 


where V; = 27fIL; and has to be determined experimentally. 
Its value, for a frequency f = 60, may be read off Fig. 24 which, 
however, refers only to a limited number of sizes and kinds of 
wire. 

49, Example of Calculations for Iron Wire Conductors.—Given 
a transmission line 10 miles long consisting of No. 4 E. B. B. galva- 
nized iron wires spaced 3 feet apart, carrying a current of 5 
amperes at a frequency of 60; calculate (a) the loss of power, and 
(b) the loss of pressure, in each wire. 

(a) The D.C. resistance (from wire table) is R = 5.8 X 10 
= 58 ohms. 

The skin effect factor (from Fig. 23) isk = 2.2 

whence R’ = 58 X 2.2 = 127.5 ohms 

The watts lost = ’?R’ =5 X 5 X 127.5 = 3.19 k.w. per wire. 

(b) The internal reactive pressure drop per mile (from Fig. 24) 
is V; = 37 volts, whence JX (total) for 10 miles of wire (by 
formula (30) is 


10 X 0.00466 X 60 X 5 X log a1 + 370 = (say) 405 volts 


The JR’ drop being 5 X 27.5 = 688 volts, it follows that the 
impedance drop is 


IZ 


~/ (638)? + (405)? 


= OOM OS 
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This figure does not, however, necessarily represent the differ- 
ence in pressure between the generating and receiving ends of the 
line; but this point will be taken up in the following article. 

50. Inherent Regulation of Transmission Line. Regulation 
Diagrams.—The fundamental vector diagram, Fig. 10, which 
- was described in Article 9 of Chapter II, is reproduced here for 
convenience. The resistance drop CB (of which the numerical 
value was 638 volts in the foregoing example) is drawn parallel 
to the current vector, while the reactance drop DC (of which the 
numerical value was 405 volts in the example) is drawn at right 
angles to the current vector. The impedance drop is DB, 


6) (1) A 


Fra. 10.—Vector diagram for line calculations—capacity neglected. 


but this does not correspond with the loss of pressure in trans- 
mission except when the angle ¢ happens to have the same value 
as the angle @. The difference in pressure between the genera- 
ting end and receiving end voltages may be calculated as explained 
in Article 9, and it will depend not only on the resistance and 
size and spacing of the conductors, but also on the power factor 
of the load, since this will determine the position of the point 
B on the dotted circle. It is the position of the point B on the 
circle that modifies the ratio of the length FD to the length BD, 
even if the proportions of the impedence triangle BCD remain 
unaltered. Problems can be solved graphically by drawing 
the diagram, Fig. 10, to the proper scale; but the objection to 
this method is that the radius OB is generally large in propertion 
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to the quantities represented by the impedance triangle, and the 
process is either tedious or the results are unsatisfactory. The 
field for ingenuity in the construction of practical charts based 
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Fic. 25.—Mershon diagram for determining voltage regulation. 


on the fundamental diagram (Fig. 10) is very great. One of the 
methods of obtaining graphical solutions is with the aid of the 
Mershon diagram. 
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In Fig. 25 curves concentric with the dotted circles of Fig. 10 
are drawn on a piece of squared paper from a center which lies 
on the prolongation of the base line, but at a considerable dis- 
tance outside the diagram. The radius of the inner circle is 10 
(or 100) divisions in length, and the projection on the horizontal 
axis of any point B is therefore the cosine of the angle BOA of 
Fig. 10 and it indicates directly the power factor at the receiving 
end. By expressing the calculated resistance and reactive 
voltage drops as percentages of the receiving end pressure, the 
impedance triangle can readily be drawn to the proper scale, 
and by making the space between the circles equal to the side 
of the squares on the divided paper, the regulation, or difference 


Fic. 26.—Vector diagram illustrating approximate method of determining 
regulation. 


between generating and receiving end pressures (FD in Fig. 10), 
can be read off the diagram as a percentage of the receiving end 
pressure. 

As an example of the use of the diagram, suppose the power 
factor of the load is 0.77, and that the calculated components: of 
the pressure drop are, 

Resistance volts = 17 per cent. of receiving end pressure. 

Reactance volts = 22 per cent. of receiving end pressure. 

From the division on the horizontal axis corresponding to 
power factor 0.77 follow the vertical ordinate until it meets the 
inner circle at B; then measure horizontally 17 divisions, and 
vertically 22 divisions, and the point D which lies on the dotted 
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circle 27.5 divisions larger in radius than the inner circle (which is 
described with a radius equal to 100 divisions) indicates that the 
difference in pressure between generating and receiving ends 
of the line is 27.5 per cent. of the receiving end pressure. 
Consider now Fig. 26, which is merely a repetition of the 
fundamental diagram, Fig. 10, with the addition of a few lines. 
Drop the perpendicular DM on the radius OB extended beyond 
the point B. It will be seen that when the angle DOB is small, 
that is to say, when there is little difference between the power 
factors at the receiving and generating ends of the line, the dis- 
tance MN will be very small, and for nearly all practical pur- 
poses the voltage regulation may be expressed by the ratio 


BM ., BING OA : : 
OB instead of OB’ this last being theoretically correct and as 


given by the Mershon diagram. By adopting the alternative 
construction, and replacing the are DN by a straight line per- 
pendicular to either OD or OB, the necessity for drawing circles 
from a center outside the limits of a practical diagram is avoided. 

The method used by Professor L. A. Herdt for the calculation of 
transmission lines (originally described in the Electrical World of 
Jan. 2, 1909) employs this approximation; and it is also employed 
in the method about to be described, which the writer has found 
very quick and convenient for practical calculations. 

It will be observed that if the impedance triangle BCD (Fig. 
26) be moved round on the point B through an angle 6, so that 
the hypotenuse BD now occupies the position BD,, the perpen- 
dicular dropped from D, on the extension to the horizontal line 
BC, meets this line at the point M,, the distance BM, being 
obviously equal to BM. Thus, by revolving the impedance 
triangle through an angle 9 such that cos 6 = the power factor 
of the load, the projection of the hypotenuse on any line parallel 
to the current vector will be a measure of the volts lost in 
transmission. . 

To apply this method in practice, nothing more is required 
than a piece of squared paper and a piece of tracing paper. The 
squared paper is divided into any convenient number of equal 
parts to represent, horizontally, the percentage ohmic drop 
of voltage, and, vertically, the percentage reactive voltage drop, 
as indicated in Fig. 27. On the vertical axis on the left-hand side 
of the diagram, a power factor scale is provided. This is merely 
an arbitrary length divided into ten equal parts with suitable sub- 
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divisions so chosen as to make use of the horizontal ruling of the 
squared paper. This scale is used for turning the hypotenuse of 
the impedence triangle through the proper angle, as will be ex- 
plained shortly. 

The method of using the diagram is best explained by working 
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Fia. 27.Author’s diagram for determining voltage regulation. 


out an example. The data used for illustrating the Mershon 
chart will be suitable: 

Power factor of load = cos @ = 0.77 

Ohmic volts = 17 per cent. 

Reactive volts = 22 per cent. 
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Place a piece of tracing paper over the diagram (Fig. 27) and 
mark upon it the point D, 17 divisions to the right of the vertical 
axis, and 22 divisions above the horizontal axis. Then, with a 
pin or pencil point held at the point O, move the tracing paper 
through an angle of 39 degrees 40 minutes (cos 39° 40’ = 0.77), 
bringing the point D to D,, and read on the horizontal axis the 
distance 27.1, which is the difference between the pressures at 
the two ends of the line, expressed as a percentage of the receiving- 
end pressure. The result, as read off the Mershon diagram was 
27.5, which might at first sight be thought to be more nearly 
correct; but, as a matter of fact, the writer’s method will usually 
give more accurate results notwithstanding that the solution is 
not theoretically correct. This is because the impedance triangle 
is very much larger for the same size of chart than in the Mer- 
shon diagram; and the subdivisions are more easily read. 
When the point D, falls between the two inclined dotted lines 
drawn on the diagram (Fig. 27), thisis an indication that the 
error introduced by substituting the chord for the arc is less than 
half of 1 per cent. 

The use of the power factor scale will now be explained. It 
is not necessary, as suggested in working out the example, to 
calculate the angle @ from the value of the power factor and then 
set out this angle on the diagram. If in addition to marking the 
point D on the tracing paper, the position of the point P is also 
marked, it is merely necessary to move the tracing paper round 
(on the center O) until the point P falls on the horizontal line rep- 
resenting the required power factor, as this will ensure that the 
point D has been moved through the proper angle. The reason 
of this will be obvious to anyone possessing even the most ele- 
mentary knowledge of trigonometry. 

If it is preferred to work with trigonometrical tables, the 
formulas (7) to (11) of Article 9, Chapter II may be used instead 
of the diagram Fig. 25 or 27. 

51. Pressure Available at Intermediate Points on a Transmis- 
sion Line.—Referring again to Fig. 10, the volts per phase at gen- 
erating end are V, and at receiving end, F,,, the total drop being 
(V, — E,) volts. It does not follow, however, that the pressure 


available at a point half way along the line will be V, — (4 5 ze) 


because the power factor is rarely the same at all points. 
The method of calculating the pressure available at some inter- 
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mediate point L’ miles from the supply station on a line of 
total length L miles, when the effects of capacity are negligible, 


/ 


is illustrated in Fig. 28 where C’C = BC ea and OD — OD’ 


is a measure of the voltage drop between the supply end and the 
point considered. The power factor angle at this point will 
be y which can be calculated by making the required changes 
in the formulas of Article 9. Thus, formula (10) would be written 


OD’ = BC' + E, cos 6 


cos y 


Fie. 28.—Vector diagram showing pressure at intermediate point on trans- 
mission line. 


and the procedure throughout is exactly the same as if calculat- 
ing the required generating end voltage on a line (L — L’) 
miles in length, to give #, volts at the receiving end when de- 
livering J amperes at a power factor cos 0. 

Such calculations are usually unnecessary refinements, and 
the error introduced by assuming a uniform drop of pressure 
along the line is rarely of any practical importance. 

The manner in which the values of pressure drop, as calculated 
for a single conductor, are used in determining the inherent 
regulation of three-phase lines was explained in Article 11 of 
Chapter II. The principles governing the inductive effects 
with any number and arrangement of parallel conductors, are 
discussed in Appendix I. 
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52. Capacity of Transmission Lines——The formula given in 
Chapter II (Article 10) for the capacity in microfarads per mile 
of conductor, as measured between wire and neutral was: 


Gus 0.0388 


; (12) 
log ¥ 


This formula is not theoretically correct and would not be 
applicable if the distance d were very small in relation to the 
diameter of the wire (or the radius r); but for overhead trans- 
missions it is a serviceable formula, and, in the writer’s opinion, 
it may be used in all practical calculations. The question of 
capacity on overhead lines is, however, one of very great impor- 
tance, especially in view of the increasing pressures and distances 
of transmission; and it is felt that some space should be devoted 
to it, even if it be only to sum up our present knowledge on this 
subject, and refer the reader to sources from which he can 
obtain more complete information. 

The exact formula,' which gives the linear capacity in micro- 
farads per mile between two cylindrical parallel wires is 


0.0194 
Cn = —— 31 
log [a + Va? — 1] ey 
where a = ue but it is more generally useful to consider the 


2r’ 
capacity as being measured between one wire and the neutral 
potential surface. This will be twice the value of the capacity as 
measured between the two wires; but, when calculating the charg- 
ing current, it is the voltage between wire and neutral surface that 
must be taken, if this latter value of the capacity is used. 

The formula (31) may be put into another form which is very 
convenient if tables of hyperbolic functions are available. 

In the formula (31) common logarithms are referred to in the 
denominator; but by making the proper correction to the numer- 
ator and substituting Napierian logs, the denominator becomes 
log. (a + ~/a? — 1) which is the quantity of which the hyperbolic 
cosine is @. Thus, the inverse hyperbolic cosine of a, or cosh—a, * 
is the equivalent of log, (a + ~/a2 — 1); and with the corrected 
numerator, the formula (31) becomes, 

pee (32) 


cosh—! a 


1H. Pender and H. 8, Osborne in Electrical World, Sept. 22, 1910, p. 667. 
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If the capacity per mile of single conductor, measured between 
wire and neutral, is required, the numerators of these formulas 
must be doubled, and the correct formula may be written either 


0.0388 
Che — 33 
log (a + V/a? — 1) ey) 
or, 
0.0895 
Cm osha 64) 


Some excellent practical diagrams based on these formulas 
are to be found in an article by Dr. A. E. Kennelly which ap- 
peared in the Electrical World of Oct. 27, 1910. 

The approximate formula (12) given in Chapter II may be 
written 
_ 0.0388 
~ log 2a 


m 


and, by comparing this with the correct formula (33), it will be 
seen that the first gives results slightly smaller than the true 
values; but when a is large, that is to say, when the distance be- 
tween wires is many times the diameter, the error is negligible. 
The error only becomes appreciable if a is less than 10, and even 
if a is as small as 4 (a quite impossible state of things on an 
overhead transmission with bare wires), the error would be only 
0.8 per cent. 

53. Capacity of Three-phase Lines.—The formulas in the last 
article give the capacity between two parallel wires as measured 
from wire to neutral, and in’ the case of a single-phase transmis- 
sion, the capacity between the two wires would, as it were, consist 
of two such capacities in series, and would therefore measure 
half the value given by these formulas, all as previously men- 
tioned. It should, however, be noted that it makes no difference 
which value of the capacity is taken for the purpose of calculating 
the charging current, provided proper attention is paid to the 
potential difference available for charging the condenser. In 
the case of the single-phase transmission, the pressure available 
for charging the two imaginary condensers in series, is exactly 
twice the pressure between one wire and neutral. 

Consider, now, a three-phase transmission with the conductors 
occupying the vertices of an equilateral triangle, as indicated in 

is 
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Fig. 29. If the radius r of the conductors and the distance d 
between them are the same as in the case of a single-phase 
transmission, then the capacity as measured between the wire and 
neutral is the same for the three-phase as for the single-phase 
transmission; but the charging current is different because the 


potential difference across each imaginary condenser is no longer 


. ; but ae where # stands for the voltage between wires. By 


treating the three-phase system—or indeed any polyphase 
system—as a combination of several single-phase systems each 
having a condenser connected between conductor and ground, 
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Fic. 29.—Distribution of capacity. Three-phase transmission. 


the calculation of capacity currents becomes a comparatively 
simple matter, unless great refinements and scientific accuracy 
are aimed at. 

It has been shown by Mr. Frank F. Fowle! and other careful 
investigators in this field, that the presence of the conducting 
ground or other neighboring circuits affects only very slightly 
the capacity between the conductors of an overhead transmission. 
By systematic transposition of wires on a long transmission, so 
that each conductor occupies the same position relatively to 
ground and neighboring parallel wires over the same portion of 
the total distance, even these slight unbalancings of the charging 
currents can be corrected if desired. 

The electrostatic capacity of underground cables—in which the 
conductors are not only very close together, but are separated by 


1“ The Calculation of Capacity Coefficients for Parallel Suspended Wires,”’ 
Electrical World, Aug. 12, 19, and 26, 1911. 
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insulating materials of which the dielectric constant is no longer 
unity as in the case of air—will be considered in Chapter VII. 

54. Charging Current Due to Capacity of Transmission Lines. 
—Although on short, low-voltage, lines the charging current (or 
capacity current) is so small as to be negligible, this current 
becomes a matter of considerable importance on long-distance 
high-voltage transmission lines. In Article 10 of Chapter II 
the charging current as calculated for an existing overhead 
transmission amounted to 42.4 amperes, representing an output 
of 7350 apparent kilowatts from the generating station with the 
line entirely disconnected from the load at the receiving end. 

Assuming a sine wave of impressed e.m.f., it is easy to caleu- 
late the charging current of a condenser of known capacity. The 
fundamental law of the dielectric circuit is 


Sr Bree) x C (35) 


where WV is the maximum value of the dielectric flux expressed 
in coulombs; Hgnax) 18 the maximum value of the alternating 
voltage; and C is the capacity (or permittance) of the condenser, 
expressed in farads. 

The charge, or quantity, of electricity—.e., the dielectric flux 
—will reach its maximum value (WV) at the instant when the 
charging current is changing its direction, that is to say, when 
the current is zero, and since quantity of electricity = current 
xX time, we may write V = average value of charging current (in 
amperes) during one quarter period X time (in seconds) of one 


quarter period 
2v/2 
=O )nx a 


where 7, stands for the virtual or r.m.s. value of the charging 
current, on the sine wave assumption. Let / stand for the vir- 
tual value of the voltage across the condenser of capacity C 
farads, then Eqnax) = 4/2 E, and formula (35) becomes 


2N/ 2 
a SAHOO 


whence 

I, = 2nfEC (36) 
which is the well-known formula for calculating capacity current 
when sinusoidal wave shapes are assumed. This is the same as 
formula (13) of Chapter II, which was given without proof. 
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It is possible to express the charging current on overhead lines 
in terms of the external inductance, or of the external reactive 
voltage drop. This is due to the fact that there is a constant 
relation between the inductance and the capacity, which is 
independent of the size and spacing of the conductors. Thus, 
the formula for capacity in microfarads per mile (page 29) is 


(12) 


while the formula for the external inductance per mile (page 88) 
is 


L = 0.000741 log “ 
giving a constant product 
Ce 


~ 34,700 
The external reactive pressure drop is 


(IX) = 2xfL 


(37) 


whence a value for L in terms of reactive drop is obtained. This 
value, substituted in (37) gives 
- 2rf 
~ 34,700 (EX) > 
By putting this value of C,,, in formula (36), we get, 
. (27f)?H 
~ 34,700 (IX) X 108 
PE 
= 8.78 CX) x 108 Amores (39) 


Cn 


I, 


These formulas for calculating the magnitude of the charging 
current, when multiplied by the length of the line in miles, 
will give the charging current entering the line at the generat- 
ing end. The result is usually smaller than the value obtained 
by measurement on actual lines. The reason is that the assump- 
tion of sinusoidal impressed e.m.f. is rarely justified, and the 
irregularities and peaks in the actual pressure wave may cause ~ 
an increase of charging current amounting to 20 or even 40 per 
cent. of the calculated value. These considerations emphasize 
the absurdity of devoting a considerable amount of time to 
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mathematical refinements, or of using complicated formulas of 
which the increased accuracy is of no practical value seeing that 
they are based upon assumptions that are never realized. 

55. Effect of Distributed Capacity and Inductance.—A long 
transmission line of resistance & ohms, reactance X ohms, and 
capacity C farads, may be thought of as consisting of n sections, 
of resistance &/n ohms and reactance X /n ohms, with a condenser 
of capacity C/n farads shunting the wires at the end of each 
section. The charging current will fall off in amount as the 
distance from the generating end increases, and the total current 
in the conductor—being the (vectorial) sum of the charging 
current and load current—will be different in each section. 
The problem is further complicated by the fact that the voltage 
will not necessarily be the same across all the imaginary con- 
densers, so that the reduction of the charging current component 
will not even follow a “straight line” law. By dividing a long 
line into a large number of sections, and calculating the pressure 
drop and power factor at the end of each section, the voltage 
drop and power losses of the complete line could be estimated 
accurately; but the work would be tedious and, indeed, unneces- 
sary. By imagining the number of sections, n, to become larger 
and larger without limit, we approach the condition of dzstrzb- 
uted capacity for which accurate mathematical formulas are 
available. A great deal of excellent work has been done by Dr. 
A. E. Kennelly, Dr. Harold Pender, Dr. J. A. Fleming, Prof. 
H. B. Dwight, and others! in the matter of simplifying the exact 
methods of calculation for long lines in which the effects of ca- 
pacity are not negligible; but these methods nearly all include the 
use—and knowledge—of hyperbolic functions in place of the trigo- 
nometric tables with which all engineers are familiar. It is true 
that Prof. Dwight, following the lead of Prof. T. R. Rosebrugh, 
has evolved a fairly simple means of computing line voltages* by 
substituting the method of convergent series, and using complex 
quantities, thus dispensing with the necessity for tables or charts 
of hyperbolic functions of angles; but, for the solution of prac- 


1 Harold Pender, Electrical World June 8, 1909. 
A. BE. Kennelly and Harold Pender, Electrical World, Aug. 8, 1914. 
J. A. Fleming, Jour. Inst. E. E., p. 717, Vol. 52, June 15, 1914. 
A. E. Kennelly, Jour. Franklin Inst., Sept., 1914. 
H. B. Dwight, Book “‘Transmission Line Formulas,” D. Van Nostrand 
Co. 
* Electrical World, Sept. 5, 1914. 


102 ELECTRIC POWER TRANSMISSION 


tical power transmission line problems, all of these refined 
methods of calculation are unnecessary. From the academic 
point of view, the exact solution of all engineering problems is 
attractive and occasionally desirable, and when the mathematical 
work can be so simplified as to be available for use by the average 
engineer, there is no objection to his using it. On the other hand 
if the engineer has at his disposal simpler and shorter methods of 
working which yield results within the required practical limits of 
accuracy, he should not be criticised for preferring them. Hemay 
base his calculations on an assumed sine wave of e.m.f., on a 
maximum (sine wave) current of 100 amperes, and on an esti- 
mated power factor of 0.9; but he would expect his line to 
give satisfaction with an actual full load current which might be 
anything between (say) 90 and 110 amperes, and he would 
consider himself lucky if the actual power factor of the load proved 
to be within 5 per cent. of the value he had guessed at. It is 
for such reasons that the practicing engineer—whose time is valua- 
ble, and who has a habit of using factors of safety somewhat 
freely—rarely evinces a fervent interest in mathematical re- 
finements whereby the (theoretical) accuracy of his results may 
be increased by a small fraction of 1 per cent. 

On lines over 50 miles in length, the effects of capacity on 
voltage regulation may be appreciable, and some practical 
methods of taking into account the capacity current on long 
transmission lines will be explained in the following article. 

56. Electrical Calculation of Lines with Appreciable Capacity.— 
In Article 10 of Chapter II, an example was worked out showing 
how the charging current at the supply end of a long transmission 
_ line could be calculated, and the effect of this current in modi- 
fying the fundamental vector diagram was illustrated in Fig. 
13. Thus, when we imagine a condenser to be connected across 
the lines at a point where the load current is J amperes on a power 
factor cos 9, the conditions on the supply side of the condenser 
will be a current of J’ amperes and a power factor of cos 6’, these 
modified values being calculated as follows. 

The vector diagram Fig. 30 is the same as Fig. 13 except for 
a few additions. The charging current can be calculated by 
means of the formula (36), which is 


I, = 2nfE,.C (36) 


This component of the total line current is drawn 90° in advance 
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of the vector #, = OB which is the pressure across the condenser 
terminals. By dropping the perpendicular AN on OB and 
making AM = I., we obtain OM = I’ the resultant or total 
current in the line on the supply side of the condenser. 
In order to calculate I’ and the new power factor angle 6’, 

we may write, 

ON = I cos 6 

NA= I sin 6 

NM= I sin 6 — I, 


NM insets 


Le ON ~ Teosé (40) 
I, 
= tan 9 — fae 


Hie. 30: 


: : , fSEEG 

whence 6’ and the other trigonometrical functions such as sin 0 

and cos 6’ can be read off the slide rule or obtained from tables. 
The line current is 


f 


we ONT fi (2 _ (41) 


cos 0’ cos 6’ 


Using this value of current, the sides I’R and I’X of the line 
impedance triangle can now be calculated, and the procedure for 
calculating the line losses and line drop will be as described in 
Article 9 (where the line was assumed to be without capacity) 
except that I’ and 6’ must be substituted for J and @ in the 
formulas. 
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It will perhaps simplify matters and prevent confusion if some 
of these formulas are reproduced here with the necessary changes 


to make them applicable to Fig. 30. 
The functions of the angle ¢ are 


TXB, sin, 0! 


sin ¢ = 


We, 
’R+ E, cos 6’ 

cos ¢ = V 
yey ee ame 


I’R + EH, cos 6’ 


(42) 
(43) 


(44) 


From this last formula (44) we obtain ¢ and therefore cos ¢ 
(the power factor at the sending end of the line), whence V, of 


which the value, from (43), is 
URES Ecos 9" 


V. 
me cos & 


(45) 


57. Numerical Examples Illustrating Use of Formulas for the 
Calculation of Power Factor and Voltage Drop.—The data for 


use in the calculations is as follows: 
System; three-phase. 


Line pressure at receiving end, H = 66,000 volts. 


66,000 


V3 


“Star” voltage, H, = = 38,100 volts. 


Frequency, f = 60. 

Load = 3000 k.v.a. 

Power factor of load, cos @ = 0.9. 
Length of line, Z = 100 miles. 


Conductors. of No. 3 copper cable (radius r = 0.13). 


Spacing, 8 feet (d = 96). 


From wire table, the resistance is found to be R = 1.04 ohms per 


mile. By formula (29) the reactance per wire is 


X = 0.00466 x 60 X log (1.285 x os) 


= 0.832 ohms per mile. 
By formula (12) the capacity (wire to neutral) is 


Cees 0.038 


= 0.0135 microfarads per mile. 


log — 


s 


3,000,000 


The load current is J = Z 
1/3 X 66,000 


——— = 26.2 amperes. 
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By way of illustration, we shall calculate the line drop by 
imagining (1) the whole of the line capacity to be concentrated 
at the center of the line, and (2) one-half of the total capacity 
to be concentrated at each end of the line. 

Case (1), capacity concentrated half way between sending and 

recewing ends (Fig. 31). 

With the star voltage H, = 38,100 at the receiving end, we 
will first calculate the voltage H’, at the point where the con- 
denser is supposed to be connected. We could if desired use one of 
the charts, Fig. 25 or 27; but it may be advisable to use, through- 
out these examples, the trigonometrical formulas which were 
developed from the fundamental vector diagram. 

By formula (9), 

(26.2 * 50 X 0.832) + (38,100 * 0.436) 


tan $= “(96.2 X 50 X 1.04) + (38,100 X 0.9) 
17,690) : 
= 35 660 > 0.496 
whence cos ¢ = 0.896 and sin ¢ = 0.444. 
f ‘\ } | E Load of 
uke =) H 4 Factor 
} ' | cos @ 
| | ae : 
ve y ae 
i 
ae a ae ; ee 4 


Fic. 31.—Diagram showing total capacity concentrated at center of line. 


By formula (10), 
_ 35,660 


YA eafasns (EADS, 

ae 0.896 

For the other half of the line we must use the formulas de- 

veloped from Fig. 30. By formula (36), the charging current 
18 


= 39,800 volts. 


I, = 2x X 60 X 39,800 (100 X 0.0135 X 107°) 
= 20.25 amperes. 

By formula (40), 
, (26.2 x 0.444) — 20.25 
Ee 2625x0890 
— 0.367 
From tables, 6’ = 20°9’, cos 6’ = 0.939 and sin 6 = — 0.344 
whence, by (41), the line current in this section is 


a e506 
[2262 ee 


) = 25 amperes, 
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which is in advance of the pressure across the condenser because 
of the negative sign resulting from the solution of formula (40). 
The sides of the impedance triangle BCD (Fig. 30) are 


’R = 25 X 50 x 1.04 = 1300 volts 


and 
I'X = 25 X 50 X 0.832 = 1040 volts. 

The procedure is now as for the 50 miles of line already cal- 
culated. Putting ¢’ for the power factor angle at the sending end 
of the line (the angle 6’ = 20° 9’ being the power factor angle 
at the other end of this section), we have by formula (9) or (44) 


tan g? < 1040 — (39,800 x 0.344) 
1300 + (39,800 X 0.939) 
— 12,660 

38,680 


= — 0.825 


Fic. 32.—Diagram showing one half of total capacity concentrated at each end 
of the line. 


whence ¢’ = 18 degrees; cos ¢’ = 0.951; and sin ¢’ = — 0.309; 
the fact of sin ¢’ being negative indicating a leading current. 
By formula (10) or (45), 


V, = —— = 40,700 volts. 


The pressure drop per phase is 40,700 — 38,100 = 2600 volts, 
or 6.82 per cent. of the receiving end pressure. 

The current entering the line at the generator end under full 
load conditions is I’ = 25 amperes, on a leading power factor 
(cos ¢’) of 0.951. 

It should be mentioned that no high degree of accuracy is 
claimed for these or any numerical examples worked out in this 
book. A 10-inch slide rule is used for all calculations. 

Case (2), half the total capacity concentrated at each end of the 

line (Fig. 32). 

The effect of connecting a condenser of capacity C/2 between 
each wire and neutral at the receiving end, is to modify the power 
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factor of the load, the line calculations being based on an imagi- 
nary load power factor cos 6’ instead of the actual power factor 
cos §. ‘The condensers at the sending end have obviously no 
effect on the line drop or line losses, but they will modify the 
power factor of the load at generator terminals. 

The calculations of line drop are exactly as carried out for the 
supply end of the line in Case (1). The charging current is now 
about half the value previously calculated, 


I, = 2r X 60 X 38,100 (50 X 0.0135 x 10-°) = 9.7 amperes. 
Referring to Fig. 30, we have, by formula (40), 


(26.2 X 0.436) — 9.7 
26.2 X 0.9 


whence 6’ = 4° 10’; cos 6’ = 0.997, and sin 6’ = 0.073. 


Ue): 
0.997 


ia OY = = (073 


By formula (41) the line current is 26.2 xX =—e2G 05 
amperes. 


The resistance drop is J/’R = 23.65 * 100 « 1.04 = 2460 ohms. 


The reactance drop is I’X = 23.65 100 X 0 832 = 1970 ohms. 
By formula (44), 
aoe 1970 + (38,100 0.073) _ 0.1175 


2460 + (88,100 X 0.997) 


whence cos ¢ = 0.994, and sin ¢ = 0.110. 
Thus, by formula (45), 


_ 2460.+ (38,100 X 0.997) 
0.994 


which is the same as the figure obtained by assuming the whole 
of the capacity to be concentrated at the center of the line. 

If it is desired to calculate the current and power factor at the 
generator terminals, we have merely to repeat the process by 
putting the new numerical values in the formulas. Thus 


407 


Ve = 40,700 volts 


I, = 9.7 381 10.35 amperes, 
and the formula (40) when re-written, becomes 
ie TSN eat 
ge Mia ay CB ob 
_ (23.65 X O10) 10:35) 2 0.331 


23.65 X 0.994 


108 ELECTRIC POWER TRANSMISSION 


whence cos ¢’ = 0.95 (leading), and by formula (41), the line 
current is 


~ 0.994 
23.65 0.95 


In this example, the capacity current is relatively large because 
the maximum load on a line 100 miles long would generally be 
more than the assumed value of 3000 k.v.a.; but nevertheless, 
both methods give approximately the same results. Comparing 
the figures, and bearing in mind that no high degree of accuracy 
is claimed, we have, 


= 24.8 amperes. 


Approximation (1) Approximation (2) 
(Fig. 31) (Fig. 32) 


Percentage line drop 


Line current at generating end..... 
Power factor at generating end.... 


6.82 
25.00 amperes 
0.951 (eading) 


6.82 
24.80 amperes 
0.95 (leading) 


Either method gives results that are sufficiently accurate for 
practical purposes, even in the case of long high-voltage lines.! 

58. Distinction Between Regulation and Line Drop.—The 
percentage drop of pressure on a transmission line may be de- 
fined as the difference between the sending end and receiving. 
end pressures expressed as a percentage of the receiving end 
pressure. Thus, 

V—-# 
E 
and this is the same as the regulation when the capacity current 
is so small as to be negligible. When the capacity current is 
appreciable, it will cause the voltage of the unloaded line to be 
greater at the receiving than at the generating end, as explained 
in Article 10, Chapter II (Fig. 11); and since the regulation is 
defined as the change of pressure at the receiving end when the 
load is thrown off (the supply voltage remaining constant), the 
regulation of a long high-voltage transmission line will usually 

be greater than the pressure drop. : 


Per cent. pressure drop = x 100 


1 The manner in which the total current in a long line of appreciable 
capacity changes both in magnitude and phase, may be illustrated graphic- 
ally by means of models or diagrams involving the idea of two planes per- 
pendicular to each other. The writer has in mind diagrams similar to those 
used by Prof. D. D. Ewing in the Electrical World of Dec. 29, 1917, Vol. 70, 
p. 1252. 
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The rise of pressure at the end of a long transmission line is 
independent of the size and spacing of the wires. It may be 
calculated approximately as follows. 

In Fig. 33, the JR drop (CB) due to the charging current [,, 
may be neglected as it has no appreciable effect on the pressure 
rise (HZ, — V,) which we shall therefore consider as being equal 
to the induced volts DC. By formula (36) the charging current 
is 

Lo 2a feud, 10-8 


where C,,, is the capacity in microfarads per mile, and L is the 
length of the line in miles. The induced volts are, 


1X = Is fLI1L 


A 
(I,) 
(7x) 
O (Z.,) B 


Fria. 33.—Vector diagram showing pressure rise at end of long unloaded line. 


which, after substituting the above value of J., become 
TX = (Qrf)tC lL x 10-* 
but, by formula (37), the product C,,L has the constant value 


io whence the pressure rise (conductor to neutral) of the 


unloaded line is 


IX = (BE, — V2) ='(20f)?Ep»L* X 2.88 X 10-" 
= 1.14H,f?L? < 10-® volts (46) 


which assumes sinusoidal wave shapes. 
This pressure rise, expressed as a percentage of the line voltage 
is 
Per cent. pressure rise 
due to capacity and } = 1.14/°L? x 1077 (47) 
inductance of line 
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The regulation, on the sine wave assumption, is therefore 
equal to Percentage line drop + 1.14f7L? X 1077; but the last 
term is negligible unless the distance of transmission (L) is great. 

As an example of the application of formula (47), the per- 
centage line drop in the numerical problem of the last article 
was 6.82 and the percentage rise at the end of the unloaded line 
is approximately 1.14 x (60)? x (100)? x 10-7 = 4.11, whence 
the regulation is 6.82 + 4.11 = 10.93 per cent. 

59. Line Losses.—Apart from leakage and corona. losses, 
which will be considered in Chapter V, the watts lost in transmis- 
sion are the J?R losses. On a three-phase line these will be 


w = 3PRL 


where F is the resistance per mile of conductor—corrected if 
necessary for skin effect—and L is the distance of transmission, 
in miles. 

When the current entering the line at the sending end is equal 
to the current leaving the line at the receiving end, the value to 
take for J in the above formula is simply the load current; but 
when the effect of the distributed capacity becomes important 
—as on a long-distance high-voltage transmission—the question 
arises as to what particular value of the current should be used 
in the calculations for line loss. ; 

As an alternative to dividing the line into a large number of 
sections and calculating the current in each section—which 
would involve a considerable amount of tedious work—we can 
calculate the average value of the square of the current over the 
whole distance of transmission. This calculation is easily made 
if the effect of voltage drop is neglected, or, in other words, if 
the amount of the charging current is supposed to diminish in 
direct proportion to the distance from the supply end of the line. 
Thus, if J, is the value of the charging current at the sending 
end, the value of the charging current component of the total 
current at a point x miles from the generating end of a line L 
miles long will be 

iG 


i L 


(L — 2) (48) 

Referring, now, to the vector diagram Fig. 34, where I is the 
load current and cos @ is the power factor of the load, the total 
line current (J;) at a point x miles from the generating end is 
the sum, or resultant, of J and J,. This resultant can be ex- 
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pressed in terms of its “in-phase”? and “wattless”’ components 
thus: 


I, = A) (a= 1,)? + b2 


and the average value of the square of this quantity is b? + average 


value of (a — I,)? as x increases from zero to its maximum value L. 
Average of 


ts 
(a — I,)? =i fc =— I,)? dz 
4 J 0 


ied be i ihe 
eed A oes an, a ey By Eh A a 
tf [« 2a L (L—x) + 72 (L—2x) |ax 


» [ L L ; 

: 2al. aft 

= =| Of ie |) (L = x)dx +4 i! (L—x)? dx 
0 0 iy H 


a=I sin 0 


Fig. 34.—Vector diagram showing total current at any distance from end of line. 


Adding b? to this quantity, we get for the average value of the 
square of the line current 


(1:*) average = (b? + a?) —al. + ste 
= /7— JJ si Oe ste (49) 


and the watts lost in a three-phase line, neglecting corona and 
leakage losses, are approximately 

w = 3hL C7 )arerace (50) 
If the current waves are not sinusoidal, and if the pressure at 
the sending end is appreciably higher than the receiving end 
pressure, the average square of the current will not be quite 
correct'y obtained from formula (49). 
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Example of Line Loss Calculations.—Instead of assuming entirely 
new conditions, we shall use the data of the numerical example 
in Article 10 of Chapter II, and calculate the line losses (1) 
when there is no load at the receiving end, and (2) when the 
load at the receiving end is 10,000 k.w. with a power factor of 
0.9. 

Assuming the conductors to be No. 00 copper throughout, the 
resistance per mile of wire (neglecting skin effect) will be 0.41 
ohm, and the known quantities are therefore: 


Load at receiving end = 1/3 EI cos 6 = 10,000,000 watts. 
Line voltage, # = 100,000. 

Load power factor, cos 8 = 0.9. 

Load current, J = 64.2 amperes. 

Resistance of conductors, R = 0.41 ohms per mile. 
Distance of transmission, Z = 210 miles. 

Capacity current at generating end 


= 63.6 
(as previously Se Romy tenes 


(1) By formula (49) the average value of the square of the 
charging current when J = 0 is 


CEM a es as ale = 1345. 


By formula (50) the total line loss is 3 X 13845 X 0.41 X 210 
xX 10-3 = 348 k.w. This is the true output of the generating 
station (neglecting corona and leakage losses) when the working 
voltage is applied to the unloaded line; but the k.v.a. or apparent 


kilowatt output is ~/3 X 100,000 X 63.6 X 10-3 = 11,000 k.v.a. 


(2) By formula (49) the average value of the square of the line 
current when the load current is 64.2 amperes on a power factor 
cos 6 = 0.9 (sin 6 = 0.436) will be 


(Ii )average = (64.2)? X 1345 — (63.6 X 64.2 X 0.436) = 3680 
whence the total line loss at full load is 3 & 3680 X 0.41 X 
DAO@ el Ome — 99 DO Kawe 


60. Control of Voltage on Transmission Lines.—The pressure 
drop at the receiving end of a transmission line may be compen- 
sated for by raising the voltage at the generating end as the load 
increases. There are obvious disadvantages to such a method of 
operation, and it is better, if possible, to regulate the voltage at 
the point, or points, where constant pressure is required. This is 
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especially true of transmission lines on which there are substa- 
tions or branch lines at intermediate points. 

The necessary steady voltage at the receiving points may be 
obtained by installing hand operated or automatically controlled 
variable-ratio transformers or “boosters,” which may be either 


A S A 


Fia. 35.— Boosters’? on three-phase system. 


of the type with movable iron core, or with tappings from the 
windings taken out to a multiple-contact regulating switch. 

On a delta-connected three-phase system it is not necessary to 
provide more than two single-phase regulators as these may be 
connected up as indicated in Fig. 35. Here P and S represent 


Fic. 36.—Vector diagram—two ‘‘boosters’’ on three-phase system. 


respectively the primary and secondary windings of the variable- 
ratio transformers. That these are capable of raising the voltage 
equally on all three phases to the extent of the volts induced in 
the secondary coil S will be clear from an inspection of Fig. 36. 
In this diagram, AB, BC, and CA are the three vectors repre- 


senting the pressures e before boosting up: AA’ and BB’ repre- 
8 
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sent the added volts between the terminals A and A’ or B and 
B’ (Fig. 35). These added volts are evidently in phase with 
the pressures indicated by the vectors CA and BC respectively, 
because the potential difference at the secondary terminals of a 
well-designed transformer is always in phase with the primary 
impressed e.m.f. It is only necessary to complete the triangle 
CA’'B’ to see that the two transformers connected up in the 
manner described will do all that is required in the way of raising 
the pressure on the three-phase circuit. 

61. Effect of Boosting Voltage at Intervals Along a Trans- 
mission Line.—If a long transmission line, insulated for a maxi- 
mum working pressure of (say) 100,000 volts, can be worked as a 
100,000-volt line at all times through its entire length, it will be 
more efficient than if only a portion of it is working as a 100,000- 
volt transmission while portions farther from the generating end 


1 5,000 } 
aan 
100 Amps. | | 
20,000 ep 15,000 SLoad 
i, , 
Fe oe ey ae er mera 
Loss in Ist Section = 500 KW. Loss in 2nd Section = 500 KW. 


Fia. 37.—Method of maintaining pressure on long line. 


are working at (say) 80,000 volts. By installing boosters along ° 
the line to maintain the pressure at or near the maximum working 
value, whatever the load may be, economies may frequently be 
effected. It is true that the energy put into the line at inter- 
mediate points cannot be cheaper—and, indeed, is usually more 
costly—than the energy supplied to the line at the generating 
end; but the booster system allows of the pressure being kept 
up all along the line, thus effecting economy; provided always 
that the losses in the boosters themselves, their maintenance, 
and the necessary allowances for interest and depreciation, do 
not counterbalance the saving. 

As an example, consider a single-phase line conveying a current 
of 100 amperes at an initial pressure of 20,000 volts. Suppose the 
drop in pressure in the whole length of line to be as great as 10,000 
volts; this will leave only 10,000 volts at the receiving end. 

The power put into the line at generating end = 2000 k.w. 
The loss in the line = 1000 k.w. 
The power available at receiving end = 1000 k.w. 
Hence, efficcency of line = 50 per cent. 
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Now imagine a booster to be introduced at a point half-way 
along the line. This booster may be considered as a suitably 
insulated alternator of 500 k.w. capacity, capable of generating 
100 amperes at 5000 volts, the arrangement being as shown in Fig. 
37. The drop in the first section of the line is, as before, 5000 
volts; and the drop in the second section is evidently similar 
namely, 5000 volts—which means that the total amount of power 
dissipated in the line is the same as it was before the booster was 
introduced. But by providing this booster at the middle point 
of the line, it has been possible to raise the pressure at this point 
up to the initial value of 20,000 volts, with the result that 15,000 
volts (1500 k.w.) are available at the receiving end. The addi- 
tional power available for useful purposes has, of course, cost 
something to produce; but the point to be noted is this: by keep- 
ing up the pressure, it has been possible to transmit a greater 


Fig. 38.—Transformers connected as ‘‘ boosters’’ on transmission line. 


amount of energy to the receiving end of the line without increas- 
ing the losses in the conductors. If, for the sake of simplicity, the 
losses in the booster are neglected, the line efficiency is arrived 
at thus: 

Power supplied to the line = 2000 + 500 = 2500 k.w. 

Power lost in the line = 1000 k.w. 

Power available at receiving end = 1500 k.w. 
1500 
2500 

Boosters may be arranged to take their power from the generat- 
ing end of the line; that is to say, they may take the form of 
variable-ratio transformers, with hand or automatic regulation, 
connected up as indicated in Fig. 38. Transformers so connected 
will provide the additional volts at the cost of a corresponding 
loss of current. 

62. Control of Power Factor.—The advantages of operating 
alternating machinery and systems on unity power factor, when 
possible, are so well known that it will not be necessary to dis- 
cuss the matter here. The line losses alone—as shown in Article 


Line efficiency = = 60 per cent. 
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6 of Chapter II—are inversely proportional to the square of the 
power factor. Thus, if the total J?R loss in the line were 200 
k.w. with a power factor of 0.707 (a by no means impossible 
figure in practice), this loss would be reduced to 100 k.w. if the 
same total power could be transmitted at unity power factor. 
The control of power factor is obtained by balancing any 
excess of inductive reactance with condensive reactance, or vice 
versa. With a changing load at the end of a long transmission 
line, the power factor at any given point on the line is continually 
changing, even if the power factor of the load remains constant; 
and the most convenient means of providing the reactance 
necessary to maintain a constant and improved power factor 
is to install synchronous motors which can be made to draw 


Synchronous Booster Controlling 
Line Pressure 


Synchrenous Motor 


Generator Controlling Power Factor 


Load 2 


Fig. 39. 


leading or lagging currents from the line by over- or under-_ 
exciting their field magnets. 

The principles underlying the fact that an alternating current 
synchronous motor can be made to act either as a rotary con- 
denser or a rotary reactor have been dealt with by the writer 
elsewhere,! and they are, moreover, so generally understood that 
we shall assume the power factor to be capable of control by 
merely providing one or more synchronous motors of sufficient 
capacity and with the necessary equipment for varying the field 
current, at the desired point on the transmission line. 

Bearing in mind that power factor control is quite as impor- 
tant, if not more important, than voltage control so far as the 
losses and efficiency of transmission are concerned, the arrange- 
ment shown diagrammatically in Fig. 39 should be preferable to 
the arrangements of Figs. 37 and 388. 

Here B is a synchronous generator connected as a “‘booster’’ 
and provided with field regulation in order to control the voltage. 
It is direct-coupled to the synchronous motor, M, which is pro- 
vided with field regulation in order to control the power factor. 


1 Polyphase Currents, Whittaker and Co., London. 
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Before deciding to install synchronous machinery to control 
the voltage and power factor of a transmission line, it is neces- 
sary to consider the increased cost due to such machinery over 
alternative methods of pressure control, and compare this with 
the capitalized cost of the saving in transmission losses due to 
the improved power factor. A point which should not be over- 
looked is the possibility of synchronous machinery falling out 
of step, and so causing troubles and interruptions to supply which 
are best avoided by installing no auxiliary apparatus which it 
is possible to do without. 

63. Use of Rotary Reactors to Control the Voltage.—Although 
Fig. 39 shows two synchronous machines, each with a particular 
function to perform, it is not always necessary to maintain the 
power factor at a constant value, and if the machine M is of 


Fia. 40.—Vector diagram showing components of voltage which cause pressure 
: drop. 


sufficient capacity and properly designed, it may be used to main- 
tain constant voltage without the addition of the second machine 
(B) connected in series with the line. The reason for this is that 
by changing the power factor—or the phase difference between 
the line current and e.m.f.—the inductance of the line and of 
such apparatus as transformers connected thereto, can be util- 
ized to provide the required voltage. This is best explained 
with the aid of vector diagrams. 

Fig. 40 is similar to the fundamental regulation diagrams 
(Figs. 10 and 26) except that the ohmic and reactive voltage 
components of the total pressure drop are shown separately for 
the “in-phase” and ‘“wattless’? components of the total line 
current. Thus, if Z,, I, and cos @, stand respectively for the 
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“star”? voltage, the line current, and the power factor at the re- 
ceiving end, the JR and JX drops due to the ‘“in-phase”’ com- 
ponent, ON, of the current are CB and HC respectively, while 
the JR and IX drops due to the “wattless’”? component, NA, of 
the current are GH and DG respectively. The pressure neces- 
sary at the generating end is V, = OD, and the pressure drop 
is DF = V,—E,. If, now, we can—by means of overexcited syn- 
chronous machinery—so change the power factor that the point 
D will fall on the dotted circle of radius OB, we shall obtain the 
condition of constant voltage, 7.e., the same voltage at the 
generating, as at the receiving, end of the line. 


K 


Fic. 41.—Vector diagram illustrating effect of reactors in maintaining constant 
voltage. 


Assuming no change in the load current J, the impedance 
triangle BCA will also remain unaltered; but, by drawing a 
leading ‘‘wattless” current from the line, the current compo- 
nent NA can be not only annulled, but actually reversed, thus 
making the line current lead the receiving end voltage, there- 
by changing the voltage drop due to the reactive component of 
the current into a voltage rise. This is shown in Fig. 41 where 
the excitation of synchronous reactors, connected across the 
line at the receiving end, has been increased until the leading 
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component of the line current is equal to OK. The resultant 
current is OM with a leading “wattless” component NM, giv- 
ing the impedance triangle HGD which throws the point D on the 
dotted circle and makes V, = Ey. 

This is the principle of constant voltage transmission with the 
pressure regulation obtained by providing the necessary number 
of variable-field synchronous motors at suitable points on the 
transmission line, but mainly at the receiving end where the 
heavy load is taken off. By this method, the reactance of a 
long line—usually an objectionable feature tending to limit the 
size of individual conductors—is actually necessary to the proper 
regulation of the voltage. The machines used as ‘rotary 
reactors”? may be synchronous motors from which mechanical 
power is obtained, or rotary converters, or again, machines 
specially designed for no other purpose than to regulate the 
amount and direction of the “wattless’”’ current, in which case 
they would be installed in the receiving point substations and 
would be run ‘‘idle.”” The power factor will not necessarily be 
unity, but the improvement in the power factor will generally 
permit of more energy being transmitted along a given line than 
would otherwise be permissible or economical. The most econom- 
ical cross section of conductor may be used without regard to 
pressure drop, because where a drop of 10 to 15 per cent. would 
be about the upper limit with the older systems of regulation, a 
drop of 25 per cent. (due mainly to the inductance of the line) 
can be taken care of by synchronous reactors. 

One of the most ardent advocates of this system of regulation 
is Prof. H. B. Dwight, whose book! should be consulted by those 
desiring further information on this subject. 

The charging current of the line was not referred to in connec- 
tion with the diagram Fig. 41, but it is evident that it must to 
some extent be helpful in reducing the necessary size of the 
synchronous motors, of which the capacity is determined by the 
amount of “wattless”’ current that they are able to provide. 

The regulation of power factor (and incidentally of the voltage) 
by means of synchronous motors is not applicable to short-dis- 
tance small-power transmissions, and even on long-distance lines 
transmitting large amounts of energy, the engineer should be 
careful to consider the whole problem from the economic point of 
view: there are a great many factors to be taken into account, 

1 “Constant Voltage Transmission,” by H. B. Dwight, John Wiley & Sons. 
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among which reliability of service and maintenance costs are not 
the least important. 

The space taken up by this discussion of a particular system 
of control may seem excessive in view of the limitations of this 
book; but with the improvements in design of electrical machinery 
and the increasing magnitude of power transmission schemes, 
there is a possibility of the system being used extensively in the 
future. It is advocated not only by the manufacturers of syn- 
chronous alternating-current machinery, but by engineers who 
have satisfied themselves that economy and good service can, 
under favorable conditions, be obtained thereby. A notable 
instance is the transmission line from the hydroelectric plant at 
Point du Bois in Canada to the city of Winnipeg where two 6000- 
k.v.a. synchronous motors with automatic regulation are in- 
stalled for the sole purpose of regulating the voltage by power 
factor control; the line pressure at the generating station 
remaining constant. 

64. Power Factor of Load.—The power factor of the load is 
not always easy to estimate; it may consist of induction motors 
of various sizes, together with lighting circuits, all having different 
power factors. If several circuits of different power factors are 
connected in parallel, the joint power factor may be calculated 
by the formula: 

Cos @ = : : - - (51) 
h A é sin 6, + I, sin 62+ . . .\? 
N TI, cos 6; + Iso cos 6. + ) 


where J;, Jz . . . are the currents taken by the various circuits 
of power factors cos 61, cos #2, ... ete. 

The formula (51) is easily developed by summing up the 
“wattless”? and ‘in-phase’? components of the various currents 
separately. The quantity in brackets is thus seen to be tan 6, 
while the complete formula is derived from the well-known 


relation 
1 


ed i etante 


65. Grounded versus Isolated Transmission Systems.— 
Whether or not it is advisable, on three-phase transmissions, 
to use the star connection with grounded neutral, or a system— 
either star or delta—without any connection to ground, is not a 
matter of very great importance; and since no theoretical con- 
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clusions based on general principles have been arrived at, the 
engineer is compelled to consider each particular case on its own 
merits, and be guided by practical results obtained under similar 
conditions. 

With a view to eliminating the third harmonic and its multiples, 
and so obtaining as nearly as possible a sine wave of e.m.f., the 
generators are usually Y connected, a practice which has the 
further advantage that the neutral point can be readily grounded 
if desired. The low-tension windings of the transformers, both 
at generating and receiving ends of the line are generally delta 
connected; but so far as the high-tension windings are concerned, 
these may be star at both ends, or delta at both ends, or star at 
one end and delta at the other. Then again, the neutral point 
of a high-tension system may be connected to ground either 
directly or through a resistance, the results being by no means 
the same in the two cases. 

The object of grounding the neutral of a high-tension system 
is mainly to protect the insulation from abnormally high pres- 
sures which might aggravate the trouble in the event of a ground 
occurring on one wire, and so lead to serious interruption of 
service. It is, in fact, the question of line insulation considered 
in connection with continuity of service which is generally the 
determining factor in deciding whether or not the neutral shall 
be grounded, and whether the grounding, if adopted, shall be 
with or without the intervention of a resistance. 

Other considerations, such as the effect on neighboring tele- 
phone lines, both under normal conditions of working and when a 
breakdown occurs, will also influence the decision; and it is 
hardly possible in this place to add much to what has already 
been said in Article 7 of Chapter IT; there is no general rule to be 
followed seeing that the circumstances of each individual case 
will have a bearing on the settlement of this question. 

There would appear to be no particular object in grounding 
well-insulated systems of moderate pressures—up to, say, 60,000 
volts; but, in the large high-pressure transmissions, especially 
with an extended system of branch circuits and tie lines, a dead- 
grounded neutral is usually desirable. Any three-phase trans- 
mission system on which the insulation is likely to give trouble 
when the pressure to ground is raised in the proportion of worl 
should have the neutral grounded, either directly or through a 
suitably proportioned resistance. 
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66. Interference Between Power and Telephone Lines.—Al- 
though the question of interference between power lines and 
neighboring telephone lines is a very important one, it is also a 
difficult one to settle satisfactorily or even discuss adequately 
in a book dealing primarily with the design of high tension trans- 
mission lines. The problem is of particular interest to the tele- 
phone engineer who will no doubt ultimately find a satisfactory 
remedy for the very real troubles which are liable to occur— 
especially when abnormal conditions lead to unbalancing of the 
power load—when telephone wires run parallel to alternating- 
current power lines for a considerable distance. 

It is a comparatively easy matter to calculate the flux of 
induction which the current in the power conductors will set up 
in the loop formed by the telephone wires, and by carefully 
planned and frequent transpositions, this effect can be greatly 
reduced if not entirely overcome; but the electrostatic effects are 
probably of greater importance because they are less easily dealt 
with. 

67. Insulation of Telephone Lines.—It has only lately been 
realized that one of the essential requirements for telephone lines 
strung on the same supports as, or very close to, high-pressure 
power conductors, is high insulation. This good insulation is 
necessary to prevent puncture of the insulators when high poten- 
tials are induced on the telephone wires at times of abnormal 
conditions—such as intermittent short circuits, or lightning 
disturbances—on the power lines. As an‘example of good 
practice in this respect, the Georgia Railway & Power Co. have 
provided insulators suitable for a working pressure of 22,000 volts 
to carry the telephone wires which parallel their 110,000-volt 
power lines from Atlanta to Tellulah, Ga. 

68. Electrostatic Induction.—The dielectric field due to the 
alternating voltage of the power conductors induces a varying 
charge upon the neighboring telephone wires. If each wire of 
the telephone line were at an equal average distance from each 
conductor of the power line, there would be no difference of poten- 
tial created between the two sides of the telephone receiver, and 
there should be no buzzing, etc., due to this cause. In other 
words, with adequate, properly worked out transpositions, the 
capacity currents passing between the power line and the tele- 
phone line will not pass through the telephone receiver. But, 
even if the electrostatic flux is at all times of the same kind and 
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amount for both wires of a telephone circuit, this does not prevent 
the telephone circuit as a whole being subject to alternating 
pressures relatively to ground, and these pressures may reach high 
values, depending upon the voltage of the power line and the prox- 
imity of the two (parallel) circuits. If the telephone circuit is 
grounded, the charging current passing between the power con- 
ductors and the telephone line will find its way to ground by 
flowing along the telephone wires, 
and since this current may amount 
to several amperes, trouble is almost 
certain to occur unless what are A 
known as ‘drainage coils” are pro- 
vided. If a choke coil with an iron 
core—such as the primary of an ordi- 
nary lghting transformer—is con- 
nected across the two wires of the 
telephone circuit, and then has its 
middle point connected to ground, 
the electrostatic charge will be 
“drained” off the line without in- 
terfering with the operation of the 
telephone. The telephone line par- 
alleling the 110,000-volt transmission 
of the Georgia Railway and Power 
Co.,! is provided with 15-k.w. stand- 
ard 2200-volt distribution trans- F16. 42.—Telephone wires on 
; . same pole as single phase power 
formers (with open secondaries) for circuit, 
this purpose. 

69. Magnetic Induction.—Referring to Fig. 42, the voltage 
induced by the single-phase power circuit AB in the loop formed 
by the wires C and D of the parallel telephone circuit may be 
calculated as follows if we assume that there are no transposi- 
tions and that the current wave is a pure sine curve. 

By formula 25 (Art. 43) the flux in the loop CD due to the 
conductor A carrying a current J is 


ts = og (2) — oe (2 


and the flux due to the current — J in the conductor B is 


1 Refer to interesting article by E. P. Peck in Electrical World, Sept. 9, 
1916, Vol. 68, p. 515. 
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oy eS cat [Jos (”’) — log. (“5 


the total flux being, 
2I1 


a0 log, (22) (52) 


= eas 
Acba 


By making the substitutions and alterations as in obtaining 
formula (27) we get, 
Volts induced per mile run of the 

two parallel circuits 


7 Gade 
= 0,00466/T log i) (53) 
Since the value of log 1 is zero, there will be no flux linkages 


with the telephone circuit when the condition agb, = acba is 


oe 
Q 


i 


Fia. 43.—Arrangement of wires which eliminates magnetic induction from 
telephone circuit. 


satisfied (see Fig. 42). This would be the case in either of the 
arrangements shown in Fig. 43. It is true that these arrange- 
ments refer to a telephone line running parallel to a single-phase 
power circuit, and that in any case transpositions would probably 
be necessary in practice; at the same time more attention might, 
in the writer’s opinion, be given to the relative positions of power 
and telephone lines, apart from the question of transpositions. 
Practical methods of transposing both power and telephone 
wires will not be considered here, as the number of possible condi- 
tions to be remedied is almost unlimited; but once the principle 
is understood, some means of obtaining the required result can 
generally be found. ‘Transpositions on the high tension power 
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lines should be avoided as far as possible, and it should not be 
necessary to transpose the power conductors of a high voltage 
transmission line at more frequent intervals than every mile. 

Although formulas (52) and (53) were worked out, for sim- 
plicity, by taking the case of a single-phase transmission, the 
inductive effects of any number of power conductors can be 
calculated in a similar manner, proper attention being paid 
not only to the magnitude but also to the direction, or phase 
relation, of the currents in the several conductors. The general 
problem of inductive effects between parallel wires is taken up 
in Appendix I. 

The fundamental frequency (f) occurs in the formulas, be- 
cause pure sine waves are assumed; but it should be pointed out 
that disturbances due to voltages and currents of the funda- 
mental frequency have little effect on the telephone, the chief 
trouble being due to the fact that in practice the pure sine waves 
are not obtained, and the higher harmonics, even when of small 
magnitude, are liable to produce noises in so sensitive an instru- 
ment as the telephone receiver, which may render conversation 
impossible. 

It is not proposed to discuss here the protective apparatus 
as used on telephone circuits paralleling power lines, partly 
because the subject is somewhat beyond the scope of this book, 
but also because the troubles of the telephone engineer in this 
connection have not been entirely overcome, and he is still work- 
ing on the problem. The reader who desires to pursue the sub- 
ject further is therefore referred to other sources of information 
among which may be mentioned the interesting Report of the 
Joint Committee on Inductive Interference to the Railroad 
Commission of the State of California, which will be found on 
page 1441 of Vol. XX XIII (Part IL) of the Transactions of the 
American Inst. E. E., and the paper by H. 8. Warren entitled 
“Inductive Effects of Alternating Current Railroads on Com- 
munication Circuits” in the Proceedings A. I. E. E. of Aug., 
1918.! 

70. Fault Localizing—The location of broken insulators, 
crossed or fallen wires, or any fault leading to unsatisfactory or 
interrupted service, must be dealt with by the operating staff; 

1Refer also to the recent paper by William W. Crawford, “Telephone 


circuits with zero mutual induction ”’ in the Proceedings A. I. E. E., p. 377, 
Vol. XXXVIII, No. 3, March, 1919. 
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and any but the briefest reference to these matters would be 
beyond the scope of this book. 

The usual methods of testing are explained in many text-books, 
and in the electrical pocket-books and hand-books; but the well- 
known Varley and Murray loop tests are not always satisfactory 
on high-voltage transmission lines. ‘Then, again, the conditions 
in regard to grounded or ungrounded neutrals, transformer con- 
nections, positions of section switches, telephonic facilities, etc., 
are so variable that it would be a dificult matter to lay down 
rules to be followed in emergencies, except in connection with a 
particular system; but such rules should be laid down by the 
chief operating engineer, and rigidly adhered to. By giving 
careful attention to the position of patrolmen’s houses, switching 
and telephone stations, as referred to in Chapter I, much may be 
done toward preventing long interruption of service in the event of 
accidents. 


CHAPTER V 
INSULATION OF OVERHEAD TRANSMISSION LINES 


71. Insulator Materials.—The material most commonly used 
for insulators on high-tension overhead lines is porcelain; but 
glass, which is cheaper than porcelain, may sometimes be used 
to advantage on the lower-voltage lines. Insulators made of 
special moulded materials such as “ Electrose”’ have the advantage 
over both glass and porcelain in that they are lighter in weight 
and less liable to fracture from mechanical shocks or high-pressure 
discharges. This material is used in preference to porcelain by 
the Canadian Niagara Power Co. on its high-voltage transmission 
lines. Glass is a material of high resistance and dielectric 


Fic. 44.—Single piece glass insulator. Average weight per piece, 43 lb. 
Made for standard 1 in. and special lin. pins. Voltages—Test—Dry 86,200 
Wet 50,100, Line 17,000. 


strength and makes excellent insulators for pressures up to about 
25,000 volts. The fact that it is pervious to light tends to dis- 
courage spiders and cocoon-spinning insects, which ordinarily 
find their way to the interior of insulators; but, on the other 
hand, more moisture will condense on the inside surfaces of glass 
than on porcelain insulators, thus attracting dust and dirt. 
Figs. 44 and 45 are from drawings supplied by the Hemingray 
Glass Co. of Muncie, Ind. Some interesting particulars relating 
to the 9-in. glass insulator with sleeve (Fig. 45) have been commu- 
127 
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nicated to the writer by Mr. M. H. Gerry, Jr., General Superin- 
tendent of the Missouri River Electric and Power Co. of Helena, 
Montana. Mr. Gerry, who has something like 50,000 of these 
insulators on his transmission lines, is actually using them for 
working pressures up to 70,000 volts, where they have given entire 
satisfaction for the last 13 years. The wooden supporting pins are 
treated with paraffin in a vacuum, and moreover, the climate is 
dry and the air free from dust or salt which might cause trouble 
with so high a voltage under less favorable conditions. Mr. 


Fie. 45.—Two-piece glass insulator. Average weight, 123 lb. 
Voltages—Test—Dry 110,000, Wet 95,000, Line 33,000. 


Gerry sums up his opinion of glass insulators for low and medium , 
voltages by stating that notwithstanding their mechanical weak- . 
ness relatively to porcelain, they are entirely satisfactory when 
intelligently used under suitable conditions. 

For the suspension type of insulator, as used for the higher 
pressures, porcelain appears to be the best material available at 
present, although it is far from being ideally suited to the re- 
quirements, An enormous amount of study and research has 
lately been devoted to the development and improvement of 
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porcelain insulators, and it is not improbable that if as much engi- 
neering skill had been devoted to the improvement of glass 
insulators, these might now be in more general use, even in the 
form of suspension insulators for the highest voltages. 

72. Design of Insulators—The design of an insulator, to 
comply with any given specification, is a matter which concerns 
the manufacturer, who has been compelled of late years, owing to 
the rapid increase of working pressures, to devote his attention 
to the principles underlying the correct and economical design of 
insulators for high-pressure lines, and who is therefore something 
of a specialist on this particular subject. The transmission-line 
engineer should understand the principles underlying the correct 
design of overhead insulators; but it is suggested that, however 
great his knowledge of the subject, he will be well advised to leave 
details of design to the manufacturer, and to use standard 
types when possible. 

The design of insulators for the lower voltages is a compara- 
tively simple matter, the difficulties becoming greater with the 
increase of pressure, although the introduction of the suspen- 
sion type, which permits of many units being connected in series, 
has considerably simplified the problem. 

It is important to bear in mind that every insulator is necessa- 
rily a more or less complicated condenser, and it can generally be 
thought of as consisting of a number of separate condensers in 
series, the dielectric being alternately air and porcelain. The 
current passing from line to ground is partly aleakage current over 
the surfaces (the leakage through the porcelain being generally 
negligible), and partly a capacity current. This capacity 
current spreads itself over the high resistance surfaces of the 
insulator material in a way which will depend upon the surface 
conductivity and on the spacing and disposition of the various 
parts. It is well to keep the electrostatic capacity as low as 
possible, but it is of equal if not greater importance so to dis- 
tribute it by a scientific arrangement of the component parts 
that abnormal stresses will not occur locally, as these may punc- 
ture or damage the insulator at one particular part, while a more 
carefully designed insulator of lighter weight may withstand 
a greater total breakdown pressure, because proper attention 
has been given to this important matter of capacity distribution. 
The effect of rain on the exposed surfaces of an insulator is to 
increase the capacity, and this will generally lower the flash-over 
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point; but the increased surface conductivity has the effect of 
equalizing the potential distribution; and in the case of a large 
number of condensers in series, such as occurs especially with the 
suspension type of insulator, it has actually been observed that 
this equalizing of the potential distribution may cause the flash- 
over pressure of the wet insulator to be no lower than the flash- 
over pressure of the same insulator when dry. 

If the distribution of dielectric flux could be easily determined 
in the case of the rather complicated shapes and varying thick- 
nesses of dielectric which occur in high tension line insulators, it 
would be an easy matter to predict the performance of new types 
and sizes under specified conditions; but although the dielectric 
circuit can conveniently be treated in a manner analogous to the 
engineer’s treatment of the magnetic circuit, there is always 
difficulty (except in the simplest cases) in predetermining the 
amount and direction of the lines of flux—or stress. 

The fundamental law of the dielectric circuit is 


v = EC (54) 


where W is the total dielectric flux (in coulombs) in a space of 
which the permittance or capacity is C farads, when the potential 
difference producing this flux is # volts. 
If we consider a small element of flux, 7.e., a ‘‘tube”’ of induc- 
tion, of length / em. and cross-section A sq. em. over which 
the flux W is evenly distributed, the flux density, in coulombs 

per square centimeter, is 
Dra iA (55) 


If the difference of potential between the two ends of the path 
l cm. long is # volts, the capacity (or permittance) is propor- 
tional to A/l—exactly as in the analogous case of the magnetic 
circuit of which the permeance is directly proportional to A and 
inversely proportional to J. 
With the introduction of the proper constants, we have, 
c=K" (56) 
where K has the numerical value 8.84 X 10714 and k is the 
specific inductive capacity or dielectric constant of the material. 
Approximate values for k are given in the accompanying 
table. 
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DieLectrric Constants AND Disruptive VoLTaGEs 
Fee A eee 


Material Dielectric constant & | Dielectric strength, 
k.v. per em. 
EAT Deyo ee Sr OPE Peas: yon ose 1 22 
IRorce laine seepage ork atk cans 3 4.4to 6 100 
CHA SS Ry ee at tla 5 to 10 90 
IMT HORMAL OMe 5 5o650cdeoneabane: P22 Woy D4 A 
LETTER BU 4 oR Oe ea Non ely ha es iL yiney 2S 100 


The figures in the last column of the Table are approximate 
only: they indicate the virtual or r.m.s. value of the (sinusoidal) 
alternating voltage which may be expected to break down a slab 
of the material 1 cm. thick placed between two large flat metal 
electrodes. What is usually understood by the expression ‘‘dis- 
ruptive gradient” is obtained by multiplying the values in the 
Table by /2. 

A more useful expression for the flux density, D, can now be 
obtained by putting the value of C from (56) in formula (54) 
and substituting the value of © so obtained in formula (55). 


Thus 
1) = ee (5) 
t 
but L/lis the potential gradient, or volts per centimeter—usually 
denoted by the letter G—whence 


D=KkXG (57) 


This clearly indicates that, in a given material, the potential 
gradient (G) is directly proportional to the dielectric flux density 
(D), and if we can estimate the one, we can calculate the other. 
The chief problem in insulator design is so to proportion the parts 
that the flux density shall nowhere be so great as to cause break- 
down of the air or puncture of the solid material of the insulator. 
An example illustrating the application of the formulas will be 
given in connection with the design of wall bushings, as this is a 
somewhat simpler problem than the design of high voltage line 
insulators. 

73. Pin-type Insulators.—As previously mentioned, the sheds 
or petticoats with intervening air spaces which separate the wire 
at line potential from the pole or cross-arm which is usually at 
ground potential, may be thought of as a number of condensers 
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in series. If J, is the charging current, and FH is the potential 
difference causing this flow of current through a condenser of 
capacity C, we have the relation J, = 27fHC; and, when the 


ie 
frequency is constant, # Onl Thus, when a number of con- 


densers are connected in series, the current J, is the same through 
all the condensers, and the potential difference across any one 
condenser is inversely proportional to its capacity; whence the im- 
portance of care in design to avoid too great a stress across a 
given thickness of porcelain. With the pin type of insulator, 
a number of sheds or petticoats hanging close to the pin, with 
small air spaces between them, will not be effective, because, 
although the leakage path may be long, the capacity is high. 
The remedy consists in spreading the petticoats away from the 
pin, the outer shed in some designs being almost horizontal. 
This outer shed has, in some cases, been replaced by a metal 
shield. Apart from the advantage of lightness, which permits 
of a thin metal shed being made of larger diameter than would 
be permissible if the material were porcelain, the charging current 
will spread itself more uniformly over the surface of the outer 
shed, and so prevent the concentration of potential at the point | 
where the conductor is tied to the insulator. An insulator of 
this type may flash over at a somewhat lower pressure than if 
the upper hood were of porcelain, but under wet age the 
flash-over pressure may be higher. 

Pin-type insulators are available for pressures up to 70,000 
volts, but the suspension type, made up of two of more units, 
will generally be more satisfactory and economical for pressures 
above 50,000 volts. The pin type of insulator becomes too heavy 
and costly when designed for the higher voltages, and, owing to 
the great length of the supporting pin, the bending moment near 
the point of attachment to the cross-arm tends to become 
excessive. 

Wooden supporting pins are not recommended for high-tension 
work; they are rarely used on lines working at pressures above 
33,000 volts. Metal pins are generally preferable. 

Fig. 46 shows the sparking distances as usually measured. 
The dotted line on the left side of the drawing shows the length of 
path on a dry flash-over. When the exposed surfaces of the in- 
sulator are wet with rain, these surfaces are looked upon as con- 
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ductors, and the flash-over distance is the sum of the separate 
distances A, B, and C; the lines A and B being usually drawn at 
an angle of 45 degrees to the vertical. In this particular case, 
the line C is also drawn at 45 degrees because the metal pin is 
surrounded by a porcelain base. The length of the pin should be 
such that the distance Z to cross-arm is slightly greater than the 
sparking distance C from edge of.inner petticoat to pin. 

The flash-over distances as measured on actual insulators of the 
pin type are approximately as given below.! 


Fria. 46.—Sparking distances on pin Fic. 47.—Pin type insulator. 
type insulator. 


Voltage, r.m.s. value Flash-over distance, in. 
ZV et ea 3 
/aN Tee oe 414 
SONU ee ee eet 636 
Ki LEO oe ee 84 
MeO Mate herrea hot es. 11 
AOC he isa ss 14 
KM 000) ae ca | 1814 


ee 
Figs. 47, 48, and 49 are illustrations of typical pin type insula- 
tors as made by R. Thomas & Sons of East Liverpool, Ohio. 


1 Average figures taken from curves given by Mr. J. Lustgarten in the 
Jour. of the Inst. E. E., vol. 49 (1912), p. 235. 
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The sections shown in Figs. 48 and 49 illustrate the trend in 
design of modern pin-type insulators toward smaller height in 
proportion to the head diameter. The same may be said of 
Figs. 50 and 51 which illustrate new standard types of “‘ Victor”’ 
insulator manufactured by Locke Insulator Manufacturing Co. 
‘of Victor, N. Y. A tendency to increase the thickness of porce- 
lain is noticeable in all recent designs of line insulators. The lead- 


Pin type insulator. 


ing particulars of these pin-type insulators, as furnished by the 
makers, are as follows: 


Fig. 47 | Fig. 48 Fig. 49 Fig. 50 Fig. 51 
Line pressure, volts......... 25,000 | 25,000 | 45,000 | 45,000 | 50,000 
Dry flash-over, volts........ 80,000 | 89,000 | 147,000 | 150,000 | 175,000 
Wet flash-over, volts....... 50,000 | 54,000 | 102,000 | 90,000 | 120,000 
Leakage distance, inches....| 12.5]; 12.0] 28.00 20.0 23.5 
Arcing distance (wet), inches 4.5 5.0 (25 
Net weight, each, pounds... 4.5 6.5 | 2000 | 13.5 24.5 


74. Suspension-type Insulators.—With the suspension type 
of insulator, the conductor is hung below the point of support 
(which is usually grounded) at the end of a string of insulator 
units connected to one another by metal links. The potential 
difference which will cause a flash-over or breakdown on such 
a series of insulators will not be in direct proportion to the number 
of insulators in the string. This is due to the unequal distribu- 
tion of the potential differences, which is again a question of 
relative capacities. The design of the individual units may ap- 
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pear to be good, and yet a string of such insulators, if these are 
not specially designed to fulfil certain requirements, may give 
surprisingly unsatisfactory results. A factor of importance is the 
sve mutual capacity 

° capacity to ground 


which determines the potential distri- 


bution; and this ratio will depend not only on the shape and size 
of the porcelain units, but also on the metal caps or means of 
attachment, and the spacing between units. 

The distribution of the potential drop on a string of suspension 
insulators is easily calculated if certain assumptions are made 
with a view to simplifying the work. If symbols are used to de- 
note the various voltages and currents, the formulas become 
somewhat complicated in appearance although actually simple to 


LG tighp 
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Fre. 50.—Pin type insulator. Fre. 51.—Pin type insulator. 


apply. <A very clear explanation of the voltage distribution on 
the string of suspension units has been given by Mr. F. W. Peek 
Jr. The same treatment of the problem although not connected 
with Mr. Peek’s name, will be found in the Handbook on Over- 
head Line Construction issued by the National Electric Light 
Association. A numerical example will best illustrate the manner 
in which the relative values of the several capacities affect the 
distribution of potential between the high-tension conductor 
and the point of attachment to the (grounded) cross-arm. 

The metal-work (cap and link or bolt) on each side of the porce- 
lain dise constitutes one terminal of a condenser which has a 
capacity C farads relatively to ground or grounded tower, 


1“Blectrical Characteristics of the Suspension Insulator,” T’rans., A. I. 
E. E., p. 907, vol. xxxi, May, 1912. 


136 ELECTRIC POWER TRANSMISSION 


and a capacity C’ = mC relatively to the metal-work (cap and 
link or bolt) on either side of the porcelain disc. This is shown 
diagrammatically in Fig. 52 where a, b, c, and d, are four imagi- 
nary condensers, each of capacity C farads, between the ground 
and the insulating metal caps, etc., while the condensers of ca- 
pacity mC farads, formed by each individual unit, are numbered 
(1), (2), (8), and (4). We shall neglect the effects of surface leak- 
age and corona. 'The former would tend to equalize the potential 
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Fie. 52.—Diagrammatic representation of 4-unit suspension type insulator. 


drop across the insulator units, while the latter—in addition to 
causing actual leakage losses through the air—might alter the 
capacity of the units subjected to the higher pressures. No 
error of appreciable magnitude is likely to be made by neglect- 
ing these items. 

Assuming the voltage across the unit nearest to the grounded 


mutual capacity 
capacity to ground 


cross-arm to be #; = 10,000 volts, and the ratio 


to be m = 10, we have, 
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E, = 10,000 volts 

I, = 2rfE\(mC) = w X 10,000 X 10 x C 

I, = 2nfEiC = w X 10,000 X C 
whence 

Te = di + Iq) = oF \(m + 1)C = w X 10,000 Xe TLS: 
and 
I, 
I, 


1] 


15 ees ( 19 = 21,000 volts 


I, = o(f, + F.)C 
whence 

Is = Ie + Ib) = w[Hi(m + 2) + BLIC = w X 131,000 SC 
and 


)=E.x 


ie 131,000 
EH = EH a = eee — p 
eet ie) 10,000 X i59/999 = 13/100 volts 
IT, = w(£y + BE, + E3)C 


whence 
Ika = Is + T.) = w[Ly(m + 3) + 2H» = E3|C = X 165,100 x G 


and 


Fi 165,100, 
a = 10,000 X jop;999 = 16:510 volts. 


The total potential difference across the string of four insulators 
is therefore not 4#; = 40,000, but # = #, + F,+ H3; + Hy, = 
50,610 volts. 

The stress across the insulator (No. 4) nearest to the high- 
tension conductor is Hy, = 16,510. Assume that it will flash over 
with twice this pressure, or 2H, = 33,020 volts; then the pressure 
which will start a flash-over across the string of four insulators 
is 2H or 101,220 volts, which is less than four times 2/7, or 132,080 
volts. The term “string efficiency” has been appliedby Mr. F. W. 


Ey = Ex ( 


are-over voltage of string of n insulators 
nm X arc-over voltage of single insulator 


Peek, Jr.‘ to the ratio 


or a which, in this example, is 
FE _ _ 50,610 
4H, 4X 16,510 
In this connection it is assumed that all the insulator units are 


of the same size and shape. 
The fact that the ratio (m) of the mutual capacity to the ca- 
pacity between the suspension link and ground is an important 


1 Trans. A. I. E. E., vol. xxxi, p, 907, May, 1912. 


= 0.765. 
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factor in determining the distribution of potential over the in- 
sulator string, suggests the importance not only of the shape and 
surface area of the metal fixtures on the individual insulators, 
but also the length of the connecting link, or spacing between 
insulators. 

In actual tests made by Mr. Peek, the dry arc-over required 
134 times the pressure of the wet arc-over on a single unit; 
but, on a string of nine such units, the wet and dry flash-overs 
occurred at the same voltage. The ‘‘string efficiencies” of these 
insulators on the dry test were as follows: 


No. of units in series eae ape! 
[Ch Lae Pe etre ee) sere Stree Lee 74,000 100.0 
SM My Sheer ote ss = hte 20s 137,000 93.0 
RR EMA TONEY oct ya ratty ae ee 186,000 84.0 
A CE Ae ee Wo oes ar pee ae COME ae Oe ear ee 238,000 80.5 
Lis a ooaeetn Ss EARN eS NCR RO ee een EEN, Caer ty cite 281,000 | 76.0 
CNR Vere hes Lai: Uk ed Gea 318,000 72.0 


Another series of tests, quoted by Mr. W. T. Taylor,! gives 
efficiencies as below: 


No. of units in series eae: eee ee ee Are ci 
i ie Pee eet oR 5 Ona 90,000 100.0 56,000 100.0 
LA ike ioto,0 DEORE Cre Ee 160,000 89.0 90,000 80.0 
SHE Cressy eras ob oka 220,000 81.5 130,000 deo 
Bape dae Mite mn sat indiana eek ss 274,000 76.0 175,000 78.0 
Sos ne AERA CF LAOS A aT AIO 310,000 69.0 220,000 78.5 
(Me Mier ARN resreete 340,000 63.0 265,000 79.0 


Arc-over voltages for strings of insulators are now usually 
given in manufacturers’ catalogues. 

When the mutual capacity is small relatively to the ground 
capacity, there soon comes a point beyond which it is useless to 
put more insulators in the string. Short strings, of well-designed 
and properly spaced units, will often be more effective and less 
costly than a longer series of insulators of which the single units 
may have excellent insulating properties, but may not have 


1 Journal Inst. E. E., vol. 46, p. 510 (1911). 
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been specially designed for the particular requirements. It is 
sometimes possible to increase the arc-over voltage of a string of 
insulators by reducing the distance between consecutive units; 
a fact that it is difficult to understand unless the importance 
_ of the proper capacity distribution has been realized. A well- 
arranged string of properly designed units not necessarily similar 
in shape and size, is less liable to damage by lightning and kindred 
phenomena than a series of insulators of low ‘string efficiency.” 
It is well to bear in mind that an insulator may, and does, 
behave differently when subjected to high-frequency charges as 
induced by lightning disturbances, than when the difference of 
potential is applied at the normal frequency of the transmission 
line. The distribution of potential among a number of condensers 
in series should be independent of frequency, but a high-tension 
insulator consists of many capacities in series with resistances 
such as the leakage paths through the body of the material and 
over the surfaces, and the distribution of the total potential 
drop across a condenser and resistance in series, even if the latter 
may be considered non-inductive, is not the same at high 
as at low frequencies. This is probably one of the chief reasons 
why insulators that will flash over rather than puncture on tests 
conducted at the ordinary line frequency, will sometimes fail 
through puncture during atmospheric electrical disturbances. ' 
Apart from the great advantages from the point of view of 
insulation, which are obtained by suspending the conductor from 
a string of insulators connected in series, this arrangement, as 
now generally adopted for pressures above 50,000 volts, has the 
further advantage that the conductor is less liable to be affected 
by lightning disturbances, since, at every point of support, the 
wire is hung below the attachment to the supporting tower 
which, in almost every instance is a well-grounded steel structure. 
Another advantage is the comparative flexibility of the attach- 
ment, which very considerably diminishes the possibility of 
crystallization of the conductor material, such as is lable to 
occur when the wire is rigidly attached to the pin type of in- 
sulator; this effect being more noticeable with aluminum than 
with copper. 
In designing cross-arms for the attachment of the suspension 
type of insulator, it is not necessary to pay much attention to 
1 See “High Frequency Tests on Line Insulators,” by L. E. Imlay and 
Percy H. Thomas in the Trans. A. I. E. E., vol. xxxi, p. 2121. 
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torsional stresses, which, however, must be carefully considered 
when pin-type insulators are used on heavy long-span lines; 
but, on the other hand, taller towers are necessary with the sus- 
pension type of insulator. Another possible disadvantage is the 
wider spacing between wires generally adopted when this type 
of insulator is used; and it is certain that rather more skill and 
experience are necessary in the stringing of the conductors than 
when pin-type insulators are used. It is usual to sling the wire 
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Fig. 53.—Suspension type insulator. 


One unit Number of units in string Ultimate 
mechan- 
Leakage ne | | : ical = 
distance | gistance 1 2 | 3 4 | 5 6 7 ‘|strengt 
10” 476” | Length of string.....| 53¢”| 1034”| 1614”| 2114”| 267¢”| 3214”) 375¢”| 9000 lb. 
Dry flash-over, K. V. 62 124 184 240 292 340 383 
Wet flash-over, K. V. 44 82 120 158 196 235 274 
Net weight, lb......./104% | 21 3134 | 42 5214 | 63 7344 
Gross weight, lb..... | foe |p Sener |e 56 69 83 97 
| 1 


in the first instance from snatchblocks attached to the cross-arms 
of every tower over a distance of about a mile, or between 
anchoring or corner towers, and then draw up tight; the con- 
ductor being subsequently transferred at every point of attach- 
ment from the snatchblock to the permanent suspension clamp 
at the end of the lowest insulator in the series. 

In the interlink type of suspension insulator, the porcelain 
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between the metal links is in compression, and in the event of the 
shattering of the porcelain parts, the conductor remains sus- 
pended; but although, from the mechanical point of view, this 
type is to be recommended, it is more liable to puncture owing 
to excessive electric stress in the thickness or porcelain between 
the metal links, than the more usual type of insulator with cap 


and bolt cemented to the porcelain parts as shown in the accom- 
panying illustrations. 
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Fic. 54.—Suspension type insulator. 


One unit Number of units in string Ultimate 
ae Wet “ ics ee ® mechan- 
Leakage ig | 5 ical 
distance | 270108 if 2 3 | 4 5 6 7 ‘|strength 
[stance | distance lee | | 
1014” yA Length of string.....|1014”| 2039”| 3034”| 41” 51447614567) son '26,000 Jb. 
Dry flash-over, K. V.\80 160 1239 ont 378 440 
Wet flash-over, K. V.|49 (103 \157 2EL 265 319 
Net: weight, lb... .-. 31 62 93 124 155 186 
Gross weight, lb..... 78 


Figs. 53 and 54 are sectional views of suspension insulators 
manufactured by the R. Thomas and Sons Co. of East Liverpool, 
Ohio; and Fig. 55 is an insulator made by the Ohio Brass Co. 
of Mansfield, Ohio, as originally selected for the 140,000-volt 
transmission lines of the Au Sable Electric Co. (Au Sable to 
Battle Creek, Mich.), a string of 10 units being used on this 
voltage. 
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A great deal of attention has recently been devoted to the im- 
provement of the suspension type of insulator. The parts of the 
early designs were cemented solidly together, with the result that 
the differential expansion of porcelain and metal caused cracking 
and consequent destruction of the procelain after being in use 
for only a few years. That experts in insulator design realize 
the effects of expansion and other causes leading to rapid deterio- 
ration of porcelain insulators is evidenced by the experimental 
work that has been carried on, and the number of papers pub- 
lished, relating to this subject, during the last two or three years. 


Fria. 55.—Suspension type insulator. 


Fig. 56, reproduced from a drawing kindly supplied by the 
Locke Insulator Manufacturing Co., shows how allowance has 
been made for expansion. An insulator unit as shown in Fig. 
56 may be used in both vertical and horizontal positions. When 
“heavy strains have to be resisted, it is often preferable to use two 
or three strings of insulators in multiple. A good design of 
suspension unit can be made to have a breaking strength of about 
6000 lb., but for greater mechanical strength some of the best 
features of design from the electrical viewpoint may have to be 
sacrificed. 

An interesting discussion of the modern line insulator will be 
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found in the Paper by Mr. G. V. Twiss in Vol. 55, No. 267 (June, 
1917) of the Journal of the Institution of Electrical Engineers. 
It is generally true that American engineers are the acknowledged 
experts in high-tension transmission work, and so far as overhead 
lines in England are concerned, these are so few and of such low 
voltage that they need not be considered. But British engineers 
have carried out important developments in India, Africa, and 
other Colonies abroad, and such work, although not invariably 
based on American practice, is always carefully planned and exe- 
cuted. The differences between British and American methods 
are worthy of some study, if only to put us on our guard against 
the tyranny of ‘established practice.” 


Spring 
Cotter 
= s Ko 


Compression 
Z 
Gasket 


Spite 
ie a6 


| 
| 
| 
| 
k—. é Eas (ARS Ai 


Fic. 56.—Suspension type insulator. 
Line voltage = 16,000. Leakage distance = 12in. Striking distance = 3k in. 


75. Wall and Roof Outlets.—When overhead high-tension con- 
ductors have to be brought into buildings, the design of insulating 
bushings should receive careful consideration. The fact that 
every bushing acts as a condenser or series of condensers between 
wire and ground, must steadily be recognized just as in the case 
of the pole-line insulators, except that the effect 1s even more 
marked in connection with bushings entirely surrounding the 
conductor than with insulators that support the wire at one end 
only. When the climate and weather conditions are favorable, 
it is well to avoid bushings entirely. In such cases, the wires 
cannot be brought down through the roof of the building, but 
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they must enter at the side; a suitable protecting hood or roof 
being placed above the wires on the outside of the building. 

The smallest dimension of the opening in brick, stone, or 
concrete wall should preferably not be less than as given below: 


For line pressure, volts | Feet 
22,000 | 1% 
33,000 134 
44,000 2% 
66,000 34 
88,000 aya 

110,000 6 


On each side of the wall opening, the conductor is carried by 
line insulators, of the pin or suspension type, as the voltage may 


Fie. 57.—Porcelain entering bushing for 70,000 volts. 


require, these being so arranged as to maintain the conductor in 
the center of the opening, with a slight downward incline toward 
the outside of the building to prevent rain-drops being carried to 
the inside. 

When bushings are used, these must necessarily be thicker at or 
near the center, where the ground potential is brought up close 
to the conductor, than at either end. Fig. 57 shows a porcelain 
bushing built up of four parts, as supplied by the R. Thomas & 
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Sons Co., suitable for a working pressure of 70,000 volts. This 
bushing weighs about 100 lb. and will flash over with 170,000 
volts (dry) and 138,000 volts (wet). Fig. 58 shows a floor bushing 
suitable for a working pressure of 44,000 volts. Its dry flash-over 
voltage is 112,000, and wet flash-over 75,000. 

One method of bringing the high tension conductor through 
the wall of a building is illustrated by Fig. 59, which shows the 
overhead wire anchored to the wall by a string of suspension 
insulators, and passing through a standard porcelain wall bush- 
ing as manufactured by the Ohio Brass Co. 


PEL ATAC 
RR 


Fie. 58.—Floor bushing. 


In the case of a roof bushing, permitting of the conductor 
passing vertically downward to the inside of the building, a hollow 
elongated barrel-shaped insulator (that is, of greater diameter at 
center, where it is supported on the outside, than at the two ends) 
filled with an insulating substance of higher specific induct- 
ive capacity and greater dielectric strength than air, makes a 
satisfactory arrangement provided there is no danger of the oil or | 
other insulating filling leaking out of the containing shell. A high- 
grade insulating oil will frequently give good results, butitis lable 
to leak out at the joints, and, moreover, the use of oil calls for a 

10 


146 ELECTRIC POWER TRANSMISSION 


larger and heavier bushing than if the filling has a specific ca- 
pacity more nearly equal to that of the porcelain shell (porcelain 
being the material most generally used). It will be understood 


Hood should be used where 
Tcicles can fall on Insulators____ 
from Haves 


S- 


that if the substance filling the space between metal conductor 
and hollow bushing has the same specific capacity as the material 
of the bushing, there will be no change in the potential 
gradient at the inner surface of the bushing. The thickness of 
the porcelain shell and the 
distance between inner surface 
of shell and conductor surface 
should be proportioned in ac- 
cordance with the insulating 
material intended for use as a 
filling. 

76. Design of Insulating 
Bushings.—Without  attempt- 
ing to go into the details of de- 
sign, the application of the 
principles and formulas of Ar- 
Fria. 60.—Section through insulating ticle 72 mney be illustrated by 

bushing. considering the stresses in the 

insulation. which separates a 

cylindrical rod at high potential from a concentric cylindrical 
tube at ground potential. Fig. 60 is a section through a con- 
ductor of radius r separated by insulating material of specific 
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inductive capacity k from a concentric metal cylinder of 
radius R. 

The equipotential surfaces will be cylinders, and the flux 
density over the surface of any cylinder of radius x and of unit 


length eaydicmeewill be Ds =. 
2nx 
By formula (57) the potential gradient is, 
D W 


ie ea a: (58) 
In order to express this relation in terms of the total voltage 
E, it is necessary to substitute for the symbol W its equivalent 
E X C, and calculate the capacity C of the condenser formed by 
the rod and the concentric, tube. Considering a number of con- 
centric shells in series, the elastance! may be written as follows: 


R 
1 dx 1 R 
Ca {| FeeKE dekh oo + (59) 


Substituting in (58), we have 


E : 
C= eR volts per centimeter 
e 


x log. ih (60) 


the maximum value of which is at the surface of the inner con- 
ductor, where 


E 
Crier Se R (61) 
r log. s 


‘This formula is of some value in determining the thickness of 
insulation necessary to avoid overstressing the dielectric; but it 
is not strictly applicable to wall bushings in which the outer 
metal surface is short as compared with the diameter of the 
opening. The advantage of having a fairly large value for r is 
indicated by formula (61), and a good arrangement is to use a 
hollow tube for the high-tension terminal. 

Solid porcelain bushings with either smooth or corrugated 
surfaces may be used for any pressure up to about 40,000 volts. 
In designing plain porcelain bushings it is important to see that 
the potential gradient in the air space between the metal rod and 


1 The reciprocal of the permittance or capacity. 
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the insulator is not liable to cause brush discharge, as this would 
lead to chemical action, and a green deposit of copper nitrate upon 
the. rod. 

‘Fig. 61 shows a bushing that is liable to give trouble owing 
to brush discharge in the air space between the high-tension rod 
and the inner surface of the porcelain bushing. The reason for 
this will be best understood by working out a numerical example. 
Let us assume the following numerical values: 

Radius of inner conductor, r = 0.25 in. 

Inside radius of porcelain bushing, r’ = 0.375 in. 

Outside radius of porcelain bushing (in contact with grounded 
metal cylinder) R = 1.5 in. 

Dielectric constants: for air k = 1; for porcelain k = 4.5. 


Fia. 61.—Type of bushing liable to cause brush discharge on surface of wire. 


We have here the case of two capacities in series, the first between 
the high-tension rod and the inner surface of the porcelain, with 
air as the dielectric, and the second between the inner and outer 
cylindrical surfaces of the porcelain. The dielectric flux (and 
the charging current) being the same in both, and since V = 
E X C, it follows that the potential difference across each con- 
denser will be inversely proportional to the capacity, or directly 
proportional to the elastance as given by formula (59). 
Let EH, be the voltage across the air gap, and EF, the voltage 
across the porcelain sleeve: then, 
we 
‘ 250 


a) hie ae 
re PONS TD 

which shows the voltage across the small air space to be greater 
than that across the greater thickness of the porcelain bushing. 


= 1.315 
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The voltage gradient which will cause corona or brush discharge 
on the surface of a rod of radius 7, according to Mr. Peek,! is 


0.3 ee : 
Gases | (1 os A where r is in centimeters. In this example, 


with r = 0.25 in. we find the value of G, to be 42.7 k.v. per centi- 
meter. Then, by formula (61) the maximum permissible value 
of the voltage across the air space is 


0.375 


Ha = 42.7 X 0.25 X 2.54 X log, (= 
mre) 


) iia 


The total permissible pressure across the bushing is therefore 
x (1+ : 


1.315. 
ae 1867 
V/2 =; . maVae 


) = 19.37 k.v. of which the virtual value is 


Let us now consider the stress at the surface of the conductor 
if the porcelain sleeve is entirely removed, leaving air as the 
only dielectric between the rod and the outer metal cylinder. 
By formula (61), 

i) 


max. value of H = 42.7 X 0.25 & 2.54 X log, ae) = 48.6 k.v. 


of which the virtual value is 48.6/+/2 = 34.4 k.v. 

Thus, if the porcelain bushing is entirely removed, and re- 
placed by air, the voltage (in this example) may be increased from 
13.67 to 34.4 k.v. before corona will form at the surface of the 
rod. Two remedies for the trouble resulting from the original 
design suggest themselves. We might (1) coat the inside of the 
porcelain bushing with tin-foil and connect this electrically with 
the high-tension rod, or (2) we might fill the intervening air 
space with oil or some solid insulating compound of higher spe- 
cific inductive capacity than air. 

(1) This method is equivalent to making the high-tension con- 
ductor of radius 0.375. Let us assume the total voltage to be 
34.4 k.v. as calculated for the arrangement with air space only. 
The maximum potential gradient, by formula (61), will then be, 


34.4 X 141 —— = 36.8k.v. per centimeter 


1.5 
0.375 X 2.54 X log, (a5) 


Gane — 


1 “Dielectric Phenomena,” by F. W. Peek, Jr., MeGraw-Hill Book Co. 
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which is less than with the smaller diameter of rod, notwithstand- 
ing the reduced thickness of the dielectric. 

(2) If we assume, for simplicity in the calculation, that the 
filling compound has the same dielectric constant as the porcelain 
(k = 4.5), we can write, 

Gmax. = pet = 42.7 k.v. per centimeter 
0.25 X 2.54 X loge (555 


which is, of course, the same as when the entire space is filled 
with air; but there will be no corona formation on the surface 
of the high-tension conductor. 

The disadvantage of small diameters for high-tension conductors 
is well brought out by this example. Without any increase in the 
size of the outer (grounded) cylinder, an increase in diameter 
of the conductor from 14 in. to 34 in. has reduced the voltage 
gradient at the conductor surface (where its value is a maxi- 
mum) from 42.7 k.v. to 36.8 k.v. per centimeter, and this not- 
withstanding the fact that the distance from metal to metal, 
is actually less in the case of the lower figure. There is obviously 
a limit—which is easily caleulated—beyond which any increase in 
the diameter of the inner rod would lead to break-down on.a 
lower voltage. 

77. Condenser Type of Bushing.—By separating thin concentric 
layers of insulating material by tubes of tin-foil or other metal, 
and so proportioning the lengths of the tin-foil tubes that the areas 
remain the same, notwithstanding the variations in diameter, it is 
possible to design a bushing which virtually consists of a number 
of condensers of equal capacity all connected in series. In this 
manner the potential gradient can be made uniform throughout 
the thickness of the insulating bushing. Commercial entering 
bushings and transformer terminals have for some time past been 
built on this principle. The design of such terminals is not quite 
so simple a matter as this brief reference to the main principle 
involved might suggest, but the commercial insulators of this 
class have, on the whole, given good service. 

The tendency to equalize the potential gradient throughout 
the concentric layers of insulating material, leads to a bushing of 
smaller overall diameter than when no attempt is made to equal- 
ize the stresses. Thus, if the figure of 36.8 k.v. per centimeter 
as calculated in the numerical example of the preceding article 
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is assumd to be the maximum working stress of a solid porcelain 
bushing of inside radius 3 in. and outside radius 114 in., a bush- 
ing of the condenser type designed for the same maximum stress 
and suitable for the same total voltage, would have an outside 
radius of only 


3, 34.4 X 1.41 


R= 3+ 3683 0.54 


= (0.893 in. 


This calculation does not take account of the thickness of the 
dividing layers of tin-foil, or of the fact that perfect equalization 
of the stress is not obtainable in a practical design of bushing. 

Before considering such matters as factors of safety, spacing 
between wires, and probable limits of pressure on power transmis- 
sion lines, it will be well to review briefly what is known about 
the brush discharges and corona formation, which are liable to 
become important factors when transmitting at the higher 
voltages. 

78. Formation of Corona, and Accompanying Losses of 
Power.—When the pressure on an overhead transmision system 
exceeds a certain critical value depending upon the spacing and 
diameter of the wires, there will appear on the surface of the con- 
ductors a halo-like glow to which the name ‘‘corona”’ has been 
given. Apart from this luminous effect, the appearance of the 
corona is accompanied by a certain loss of power proportional to 
the frequency and the square of the amount by which the pres- 
sure between conductors exceeds a certain value known as the 
disruptive critical voltage. If the distance between outgoing and 
return conductors is comparatively small (less than fifteen times 
the diameter of the wire) there will be a spark-over when the dis- 
ruptive critical voltage is reached; but with the greater separation 
such as occurs on practical high-tension transmission lines, the 
effect of the high potential at the conductor surface is to break 
down the resistance of the air in the immediate neighborhood of 
the conductor surface.. A luminous cylindrical coating of air, 
acting as a conductor of electricity, is thus formed, the di- 
ameter of which will depend on the amount by which the actual 
value of the applied potential difference between wires exceeds 
the disruptive critical value of the potential difference. The 
result is equivalent to an increase of the diameter of the conduct- 
ors, thus raising the value of the voltage necessary to break down 
new concentric layers of surrounding air, until it is approximately 
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equal to the -voltage impressed on the wires. During the last 
few years much light has been thrown on the formation and effects 
of the corona. Among the earlier workers in this field were C. F. 
Scott, Harris J. Ryan, J. J: Thomson, H. B. Smith, Signor Jona, 
Lamar Lindon, E. A. Watson, and, among the later investi- 
gators, J. B. Whitehead! and F. W. Peek, Jr.? 

Suppose a cylindrical wire of radius r is surrounded by a con- 
centric metal cylinder of internal radius R and that visible corona 
starts when the observed voltage is L,, then the maximum poten- 
tial gradient at the surface of the wire, by the previously developed 
formula (61) is 


Gy = Geo (62) 
R 
ron 
The formula for parallel wires is 
E, 


(63) 


where d is the distance between centers of wires. 

The value of G, (the apparent strength of air) is found to be 
independent of the spacing between wires, but it is not found to 
be independent of their diameter. The apparent strength of air 
is greater at the surface of small than of large wires. Mr. Peek 
has found that, at a distance from the surface of any cylindrical 
wire equal to 0.301 ./r cm., the breakdown gradient of all sizes 
of wire is the same, namely about 30 k.v. per centimeter. This 
leads to the formulas which will be found at the end of this 
article. 

The losses which occur through corona are not different in kind 
from I?R losses; but since they occur whenever a visual corona 
appears, and may reach high values if the line voltage appreciably 
exceeds the voltage at which corona is first formed, the importance 
of designing high tension lines so as to avoid excessive corona 
formation is evident. 

The more important features and effects of the corona of in- 
terest to the practical engineer may be summarized as follows: 

1. The loss due to leakage of current from the conductor into 

1Proc. A. I. E. E., vol. xxix, p. 1059 (1910), and later contributions. 

2Proc. A. I. E. E., vol. xxxi, .p. 1085 (June, 1912). Also Journal Franklin 


Institute, Dec., 1913; and Book “Dielectric Phenomena,” McGraw-Hill 
Book Co., 1915. 
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the surrounding air is practically negligible for pressure values 
below the disruptive critical voltage; no account need be taken 
of such leakage on alternating-current circuits operated at pres- 
sures below 44,000 volts, unless the wires are at high altitudes. 
On 80,000 volts, however, the loss may be appreciable, and a 
visible corona may even be formed if the wires are small in 
diameter. 

2. The current passing from the wires into the air on an alter- 
nating system is an energy current in phase with the pressure. 

3. On alternating-current systems, the critical break-down 
voltage will depend upon the maximum value of the e.m.f. wave, 
and therefore on the “form factor.” 

4. The break-down voltage—or, more properly, the disruptive 
critical voltage—is determined by the potential gradient at the 
conductor surface; it is therefore dependent upon the diameter 
and spacing of the wires; being higher with the larger diameters 
and spacings; it is also dependent upon the density of the air, 
and therefore on the temperature and barometric pressure. 

5. The loss of power due to corona formation is approximately 
proportional to the frequency (within the usual commercial 
range), and to the square of the excess of line voltage over the 
disruptive critical voltage. _ 

6. The disruptive critical voltage is the voltage at which the 
disruptive voltage gradient of the air is reached at the conductor 
surface. It is highest when the conductor surface is smooth 
and quite clean. It is lowered by roughness or dirt on the 
conductors, also by smoke and fog in the atmosphere, sleet on 
wires and falling sleet, rain and snow storms, and low barometric 
pressure. All these causes tend, therefore, to increase the corona 
losses. 

7. The visual corona occurs only at a pressure above the dis- 
ruptive critical voltage and is an indication that there is loss of 
power in the air. 

When considering the effects of the corona formation on over- 
head wires, it is convenient, as in the case of the majority of 
electrical problems connected with transmission lines, to consider 
each wire separately in relation to the neutral plane or line. 
Since the formation of the corona depends upon the electric stress 
at the surface of the conductor, it is the potential gradient in the 
immediate neighborhood of the wire which, as previously men- 
tioned, is the determining factor in corona formation. The dis- 
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ruptive critical voltage for any particular wire under specified 
atmospheric conditions will, as previously mentioned, depend 
upon the diameter of the wire and the distance of the wire or wires 
forming the return conductor; also upon the density of the air 
and, to some extent, upon the surface condition of the wire. 
Mr. Peek’s formula is: 


EB. = 21.lmer6 lor: : k.v. to neutral (virtual value) (64) 


in which r = radius of conductor in centimeters, 
d = distance between centers of the outgoing and return (par- 
allel) conductors, in centimeters, 

m,= a factor depending upon the surface condition of the con- 
ductor, 

1 for polished wires, 

= 0.98 to 0.93 for roughened or weathered wires, 

0.87 to 0.83 for stranded cables (average = 0.85), 

6 = a factor depending on the air density, 


3.020 

~ 273+ 
in which 6 is the barometric pressure in centimeters of mercury, 
and ¢ is the temperature in degrees Centigrade. 

The luminosity, or visible halo of light surrounding the con- 
ductor, does not occur until a higher pressure has been reached, 
the increase over the critical disruptive voltage being dependent 
upon the diameter of the conductor. Mr. Peek’s formula for the 
visual critical voltage (kilovolts to neutral) is: 


0.301) 

4/ ro 
where the surface factor m, has the same value as m, for wires, 
and may be taken at 0.82 for a decided visible corona on seven- 
strand cables. The notation is otherwise as above. 


The formula for loss of power in fair weather, in kilowatts 
per kilometer of single wire, as given by Mr. Peek, is: 


l| 


E, = 21.1m,r6 (1 + 


log. 4 (65) 
: 


\ 244 Ir = 
P= ~~ X (f + 25) Xalq X (En — Ho)? X 107° (66) 


where f is the frequency in cycles per second, and EF, is the actual 
(r.m.s.)pressure between wire and neutral, expressed in kilo- 
volts. The approximate loss under storm conditions is obtained 
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by taking E, as 80 per cent. of its (virtual) value as calculated 
by formula (64). 

The transmission line engineer will usually prefer formulas 
with inch units and common logarithms; and the following may 
be used: 


Eo = 123 moré logio (‘ ) k.v. to neutral (67) 
189 
i123 mard (1 + Aiewe : lie k.v. to neutral (68) 
Vr6 
9 
1B oe “ (f + 25) NE (EL, — 10-° kw. per mile of 


single conductor (69) 
The air density factor can, if desired, be calculated by the 
formula 


where 6 = barometric pressure in inches of mercury, and ¢ = 
temperature in degrees Fahrenheit. (Note that when b = 29.9 
and t = 77 degrees, 6 = 1.) 
As a guide in estimating the average pressure at high altitudes, 
the following figures may be used: 
Elevation, sea level, b = 29.9 
2,000 ft., 6 = 27.6 
4,000 ft., b = 25.6 
6,000 ft., 6 = 23.7 


8,000 ft., b = 22.0 
10,000 ft., b = 20.4 
12,000 ft., b = 18.9 


As a practical example of corona losses, consider a 100 mile, 
three-phase, 110,000 volt, 60-cycle transmission, using No. 1 
seven-strand conductors spaced 6 ft. apart. Calculate the 
approximate fine-weather corona loss if the air density factor 1s 

sanity (o = 1). 

By formula (67) 

EB, = 123 X 0.85 X 0.165 X log (ova) = 45.6. kv. 


By formula (69) 
0. BAP. 110 AEG aS 10-5 
P = 390 X.85' xX NAVE ~ 


5.1 kw. per mile of single conductor. 
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The total loss to be expected under fair weather conditions is 
therefore 5.1 X 3 X 100 = 1530 kw. 

The assumption is here made that the line voltage (and there- 
fore H,,) remains constant over the entire length of 100 miles. 

79. Corona Considered as ‘“‘ Safety Valve” for Relief of High- 
frequency Surges or Over-voltage Due to Any Cause.—The 
loss, as calculated in the above example, is not small; and since 
it is proportional to the square of the excess of pressure over the 
disruptive critical voltage, a small increase of pressure will lead 
to an enormously increased dissipation of energy in the air. 
Thus, if the pressure of 110 kv. in the above example be supposed 
to increase only 10 per cent. the total dissipation of power, 
instead of being 1530 kw., would be 2800 kw. It has indeed been 
stated that on the 110,000-volt system of the Grand Rapids- 
Muskegon Power Co., the line loss due to corona discharge 
actually increases 100 per cent. for a 10 per cent. rise in pressure. 

This property of the corona suggests the possibility of working 
high-voltage transmission lines at a normal pressure in the neigh- 
borhood of the critical disruptive voltage where the loss would be 
inappreciable. An extra-high-voltage discharge, due either to 
atmospheric lightning, or to internal causes, would then be largely 
dissipated in the corona itself. This may, to some extent, 
account for the fact that fewer lightning troubles are experienced 
on the very high voltage transmissions than on the lower voltage 
lines. The insulation of the conductors being such as to with- 
stand, without breakdown, pressures considerably in excess of 
the disruptive critical voltage of the corona, a large amount of 
oscillating energy can be dissipated in the air before the voltage 
rises to such a value as to pierce or shatter insulators or damage 
apparatus connected to the line. On the other hand, too much 
reliance should not be placed on the corona as a means of dissi- 
pating large amounts of suddenly impressed energy; because 
lightning and similar disturbances, being to a great extent local, 
must discharge their power locally, and the corona losses over a 
short section of the transmission line cannot under any circum- 
stances be very great. 

80. Spacing of Overhead Conductors.—It is difficult to lay 
down rules for the proper spacing of overhead conductors. The 
question has been settled in the past by the individual engineer 
who has usually striven to be “on the safe side”? in the matter 
of possible discharges between wires under abnormal conditions 
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such as strong and variable winds. The result is that great 
differences are to be found in the wire spacings in different coun- 
tries or on different transmission systems in the same country. 

The spacing of the conductors should be determined by consid- 
erations partly electrical and partly mechanical. With the longer 
spans, the spacing should be greater than with short spans, 
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Fria. 62.—Approximate separation of overhead conductors. 


apart from voltage considerations. The material and diameter 
of the conductors should also be taken into account when deciding 
upon the spacing, because a small wire—especially if of aluminum 
—havying a small weight relatively to the area presented to a 
cross wind, will swing out of the vertical plane farther than a 
conductor of large cross-section. Usually wires will swing 
synchronously in a wind; but with long spans and small wires, 
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there is always the possibility of the wires swinging non-syn- 
chronously, and the size of wire, together with the maximum sag 
at center of span, are factors which should be taken, into account 
in determining the distance apart at which they shall be strung. 
A horizontal separation equal to something between one and 
one and a half times the sag at the temperature corresponding 
to the season of highest wind velocities should be sufficient to 
prevent wires swinging within sparking distance of each other; 
the closer spacing being used with copper conductors of large 
diameter. 

The curves of Fig. 62 will be found to give spacings generally 
in accordance with present-day practice. These figures can be 
used as a guide in arriving at a suitable value for the horizontal 
spacings. The vertical spacing may be less; but it is usually 
undesirable to suspend wires in the same vertical plane, especially 
in locations where sieet and ice deposits are likely to occur. 

Distance Between Conductor and Pole or Tower.—The following 
clearances are recommended: 


Line pressure, k.v. Clearance, in. 

10 (and under) 9 

15 10 

22 ita! 

35 14 

44 ily/ 

66 24 

88 32 
110 36 


In the case of suspension type insulators it is well to arrange 
for the clearance, even under conditions of greatest deflection 
caused by high winds, to be not less than the sparking distance 
over the string of insulator units. 

81. Practical Limitations of Overhead Transmission-line 
Voltages.—From the foregoing review of the insulation prob- 
lems to be met with on long-distance overhead transmissions, 
it will be clear that manufacturers are now in a position to pro- 
vide insulation amply sufficient for present requirements. Power 
is actually being transmitted at 150,000 volts. The lines of 
the Au Sable Electric Co. in Michigan, transmitting power at 
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140,000 volts, consist of stranded copper conductors about 3¢-in. 
diameter on 500-ft. spans, with a sag allowance of approximately 
12 ft. The shortest distance between conductors is 12 ft., this 
being the vertical height between the two conductors on one side 
of the steel supporting towers. There is practically no visible 
corona, but a buzz or hum, due no doubt to brush discharge, can 
be heard in the neighborhood of the transmission lines. 

Although there are no insurmountable difficulties in providing 
ample insulation for these high voltages, it is the engineer’s 
business to provide such insulation as will be justified by economic 
considerations. It is also his business to determine the voltage of 
transmission on the same basis, and resist the temptation to 
experiment in voltages higher than may be justified by commer- 
cial considerations. 

It is well to bear in mind that the economical transmission 
-voltage depends not only on the length of the line, but also on 
the amount of power to be transmitted; and although a 200,000- 
volt transmission offers no serious engineering difficulties, the 
conditions under which a transmission at so high a voltage 
would be a commercial success, are very seldom found. 

82. Factors of Safety: Rating and Testing of Line Insulators.— 
When selecting insulators and deciding upon the spacing and 
arrangement of conductors suitable for a given voltage, the factor 
of safety to cover abnormal pressure-rises is a matter of great 
importance, since it 1s obviously bad engineering to provide 
insulation in excess of what experience has shown to be a reason- 
able safeguard against interruption of service. Generally 
speaking, the insulators should, when dry, withstand a pressure 
test of 214 to 3 times the working pressure to ground, applied 
for five minutes, and a wet test of not less than twice the working 
pressure. This would sometimes be considered too small a 
margin of safety; but the ratio between test pressure and working 
pressure will depend upon whether the line voltage is high or low. 
The following safety factors, representing ratio between wet-test 
pressure and working pressure are generally in accordance with 
usual practice; but the engineer should use his judgment in a 
matter of this sort. It is clear that, on the coast, where gales 
and salt sea mists are prevalent, the factor of safety should be 
rather higher than in a district where the climatic conditions are 
more favorable. The effects of high altitude—to be referred 
to later—must also be taken into account. 
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Working pressure Safety factor 
(voltage between line wires) (wet test) 
OOOO Se alk Be Sones ee Pe et aed ee NE eee 2.5 
ACO O eae es ase te gs. erat cacceg 2S eee Ne tea Ro 2.2 
oO LOLOL0) ees caren ares epReen irninrceme nee Spear oeeere er Pata Ners <Acarh he Pee le 2.0 
FAbOVexSOOO0EVOLUS Reyes, acc ea ceein een ree ae 1.8 to 2 


As the wet or “‘rain”’ test will give different results, depending 
on the method of conducting the tests, there should be a clear 
understanding between the purchaser and manufacturer on this 
point. A very common specification is that the spray shall be 
directed at an angle of 45 degrees, under a pressure of 40 lb. 
per square inch at the nozzles; the flow being regulated to give 
a precipitation of 1 in. in 5 minutes. The method of attaching 
test wire and ground connection to the insulator should also be 
clearly defined. The test pressure is usually measured by means 
of a spark gap; and the alternating e.m-f. used should conform as 
nearly as possible to the sine wave. 

The striking distances in air between No. 3 sharp needles, as 


given by the Locke Insulator Mfg. Co., are as follows: 

Kilovolts Inches | Kilovolts Inches 
DO Mpa eters eee oy tcc LOOM ZOO Rs ciate er kherar 20.50 
A(R aelon ect Bina veesa tet? 2.45 PPADS ces Ia RS eae rs ee 23.05 
COs Marte ti BRO cal R250 rime gee a cake nen 
SOE ay ees thins 7.10 DiC OR EWR Shenae tte a ee 28 . 30 
OOF ese weer eteenare aiteustc. 9.60 SOE isaac honcacuiar eee ere 31.00 
TPA cos eit farce Seen ae 12.25 Ba Daa ner denk, Meese NAD TR. 3 36.10 
SSO), aeeiaantc sok eget eee 15.00 AQ) Seca cued an tena keds 41.20 
IVA Sl Sota.ts Gt gad eet eae 17.80 


It will be observed that for pressures above 100,000 volts the 
gap between needle points is approximately 1 in. per 10,000 volts. 
The pressures referred to in the table are the virtual or root- 
mean-square values of the test pressure, on the sine wave 
assumption. 

Effect of Altitude—The insulators on a transmission line 
erected at high altitudes will flash over with a lower voltage than 
if the line were erected at sea level. The reason for this is the 
reduced air pressure at the higher elevation. The flash-over 
voltage will not be exactly proportional to the barometric pres- 
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sure because the electrostatic field is not uniform, but depends 
upon the type and design of the insulator. Mr. Peek gives some 
results of experimental work on various standard designs of 
insulator in his book on Dielectric Phenomena previously referred 
to; but since the departures from the theoretical relation for 
uniform dielectric fields is very small, the correction for altitude 
can safely be made by assuming the flash-over voltage to be 
directly proportional to the barometric pressure. 

As an example: suppose the flash-over voltage of a pin type 
insulator is found to be 100 kv. on test at sea level; then, if 
used on a transmission line erected at an elevation of 8000 feet, 
it would be liable to flash over with a pressure of only 100 X< 
99.9 = 73.5 kv. (The proportional figures for air density 
are taken from the table on page 155.) It is thus easy to de- 
cide upon a factor of safety which shall make proper allowance 
for the elevation at which the insulator may have to operate. 

Rating of Insulators—The fact that conditions of tests and 
factors of safety may have to be modified in accordance with 
the conditions under which the insulator will be expected to 
operate, suggests the subject of insulator rating. At the present 
time this question is far from being settled in a satisfactory 
manner, and it would seem that manufacturers and users should 
get together with a view to deciding upon an acceptable basis 
which would permit of any design of insulator being placed in a 
particular class, and so facilitate the comparison between tenders 
submitted by competing firms for insulators to operate under 
given conditions. At first sight the most reasonable method 
appears to be to adopt some arbitrary rule depending upon the 
dry and wet flash-over voltage of the insulator: for instance, 
to specify that for the higher line pressures the dry flash-over 
should be three times the line voltage, and the wet flash-over 
twice the line voltage. This would, however, probably lead to 
confusion because of the number of variable factors involved 
in determining the dry and wet flash-over. It is possible—as 
suggested to the writer by an engineer connected with one 
of the best known firms manufacturing porcelain insulators— 
that a method of rating depending not upon tests, but upon 
design dimensions, such as the overall height and the minimum 
arcing distances (both wet and dry), might prove a useful 


basis of classification. 
11 
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Detecting Faulty Insulators while Line is in Operation.—Another 
question which is now receiving attention, but is not settled 
or standardized, is the best means of detecting faults in insulators 
while in use. It is only of recent years that accurate data on the 
“life” of high tension insulators is becoming available; and 
the continued action of alternate heat and cold, dryness and 
dampness, on the porcelain—or rather on the complete assembly 
of porcelain, metal, and cement—is found to necessitate a very - 
large percentage of replacements after a line has been in operation 
many years. 

The causes of rapid deterioration—especially after several 
years of service—are being investigated, and eliminated as far 
as possible in the later designs;' but in the meanwhile, lines 
that have been in use for a considerable time are giving trouble 
in the matter of insulation, involving increasing vigilance and 
activity on the part of the operating staff. There is room for 
improvement in the methods now available for detecting in- 
cipient faults in line insulators without interrupting the supply or 
disconnecting insulators from the live wires. One method, which 
involves the use of a telephone, and is said to give reliable 
information as to the condition of the insulators, is described on 
page 821 of Vol. 64 of the Electrical World (Oct. 24,1914). The 
reader who is interested in this matter of insulation troubles 
should also refer to an article by Prof. H. J. Ryan in the Journal 
of Klectricity (San Francisco), Feb. 27, 1915; and to the article 
“Testing Insulators to Assure Continuous Service” by Professor 
R. W. Sorensen in the Electrical World of Sept. 1, 1917 (Vol. 
RO 426)): | 

1 Refer Trans. A. 1. E. E., vol. xxxiii (1914), pp. 111 and 119 (J. A. Brun- 
dige), and p. 1731 (A. O. Austin), Vol. xxxiv (1915), p. 465 (EH. E. F. 


Creighton). Vol. xxxvi (1917), p. 527 (W. D. Peaslee), p. 5385 (J. A. 
Brundige), and p. 545 (A. O. Austin). 


CHAPTER VI 


PROTECTION AGAINST LIGHTNING—TRANSIENT 
PHENOMENA 


83. Theoretical Considerations.—Before taking up the matter 
of lightning disturbances and the means adopted for minimizing 
their destructive effects on line insulation and station apparatus, 
the causes leading to surges, oscillations, and travelling or stand- 
ing waves, will be very briefly discussed. No attempt will 
be made to deal thoroughly with this somewhat difficult subject 
which has lately come into prominence because of the increasing 
distances to which energy is being transmitted electrically. 
Nothing will be included here beyond the elementary considera- 
tions with which the engineer engaged on the design of high- 
tension long-distance transmission lines should be familiar. 
For a complete study of the principles underlying transient 
phenomena—energy surges and oscillations, and the peculiarities 
of hypothetical “quarter wave length’? transmission lines— 
the reader is referred to authorities such as Dr. Steinmetz! 
and the writings by various authors, that have appeared recently 
in the technical Journals and the publications of the Scientific 
and Engineering Societies. 

The relation existing between the voltage and the current of any 
transient electrical disturbance occurring in a circuit depends 
upon the relation between the magnetic flux-linkages per unit 
current—or the znductance—and the permittance or electro- 
static capacity. 

Consider a circuit in which there is alternating or oscillating 
energy which is not utilized by any form of receiving apparatus, 
and is not dissipated in the form of heat through the ohmic 
resistance of the conductors, or through “dielectric hysteresis” 
or corona: it is obvious that, at the instant when the current 
wave passes through zero value, the whole ot the energy must be 
stored in the electrostatic field, and similarly, at the instant when 
the pressure wave passes through zero value, the whole of the 
oscillating energy must be stored in the electromagnetic field. 


1 “Transient Electric Phenomena and Oscillations.” 
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Moreover, so long as the interchange of energy from one form to 
the other continues without diminution of amount, these two 
quantities must be exactly equal. This conception of the oscil- 
lations of energy in a circuit having negligible resistance, but 
appreciable inductance and capacity, is fundamental, and we 
shall examine it in further detail with a view to arriving at a 
definite relation between the amplitudes of the voltage and current 
waves. 

Energy Stored in Magnetic Field—Since the engineer usually 
prefers to think of volts and amperes, the product of which repre- 
sents power (watts) or the rate at which work is being done, we 
can say that the energy stored in a magnetic field during a short 
interval of time dt seconds is e¢ X dt watt-seconds or joules. In 
this connection the voltage e is the e.m.f. developed in a conductor 
carrying 7 amperes when a change in current dz causes a change 
of flux d&@ in the short interval of time dt. Thus, since we are 
considering the flux linking with a circuit of one turn (a trans- 
mission line conductor) in amedium (air) of constant permeability, 
we can write, 


i 
dt dt 
whence 
Energy stored in magnetic field during a 7 rw Sea 
interval of time dt dt 
=lixd 


and since the current grows from zero to its maximum value 


in a quarter of a period, we have, 
lessees 
el eexcas 


= 14 LI’.x. joules (70) 


Energy stored in magnetic field 
during one quarter period 


It is easy to show in a similar manner that the energy stored 
in the dielectric circuit in one quarter period while the value 
of e grows from zero to Emax. 18 144 CEH? max. where C is the electro- 
static capacity of the circuit, or portion of circuit considered. 

Thus, in the case of a pure, undamped, oscillation, when no 
energy is supplied from the outside to the circuit, or by the cir- 
cuit to the outside, it follows that 


LI? = CE? 
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Se 
- in Ve (71) 


where L is expressed in henrys, and C in farads. 
Le 
The quantity e is thus seen to be of the nature of a resistance 


or impedance, and it may be expressed in ohms. It is generally 
called the natural impedance of the circuit; but the expressions 
wave impedance (or resistance) and surge impedance (or resistance) 


a 
Ts 


volts Ae ech 
-——— of the oscillating energy. 
amperes 


are also used to denote the ratio 


In the case of an overhead transmission line, the approximate 
value, per mile, of the inductance betwen one conductor and 
neutral, as given in Article 48, Chapter IV (page 88) is 


External Inductance, L = 0.000741 log : 


and the approximate formula for capacity, as given in Article 10 
of Chapter II, is 

_ 0.0388 
* d 


loge. 
Dp 


C x 107° farads 


whence the surge «impedance of an overhead transmission line is 
approximately, 


L d 
AZ = 138 log - ohms (72) 


In practical overhead work, the limiting values for the ratio 
g will probably be 800 and 50; which, when inserted in formula 
Fs 


(71), show that the ‘‘natural impedance” of an overhead trans- 
mission line must lie between 400 and 230, or, to be well on the 
safe side, between (say) 500 and 200 ohms. 

A knowledge of this quantity renders it possible to determine 
the maximum value of any surge pressures that can possibly 
occur on the line due to the sudden interruption of the current. 
Thus, if the ‘‘natural impedance” is 300 ohms, and the instanta- 
neous value of the current at the crest of the wave is 200, the surge 
pressure, however suddenly the current is interrupted, cannot 
possibly exceed 200 X 300 = 60,000 volts; because this is the maxi- 
mum value of the pressure wave necessary to store in the elec- 
tric field the whole of the energy stored in the magnetic field at 
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the moment when the current was interrupted. It is safe to say 
that, on a practical transmission line, the surge pressure is never 
likely to exceed 200 times the current in amperes; but, with heavy 
currents, this may well be sufficient to break down insulation and 
cause considerable damage to power plant. It must not be over- 
looked that it is often more difficult to handle heavy currents 
at comparatively low pressures than small currents at the very 
highest pressures yet attempted. When the current is large, the 
opening of switch or fuse on full-load, or an accident causing a 
break in the circuit, with or without the formation of an arc 
across the gap, may lead to insulation troubles on many widely 
separated parts of the system; but on a high-pressure system, 
even if the current were as large, the insulation is frequently so 
good that it will withstand without injury the stress imposed on 
it by the highest possible value of the surge pressure. 

In underground cables, the capacity.is much larger relatively 
to the inductance than in overhead systems, and the surge im- 


pedance, Ae has then a smaller value, which may be about 


one-tenth of the value for overhead lines; but the transformers 
connected to transmission systems will always have a surge 
impedance very considerably higher than that of the line itself. 

The effect of the ohmic reszstance in series with the inductive 
and condensive reactances of a circuit, is to damp out the oscilla- 
tions by dissipating the energy in the form of J?R losses. With 
a sufficiently high value of resistance in the circuit, surges or 
oscillations of energy cannot take place. 

For the condition of massed resistance, capacity, and induc- 
tance, the critical resistance is 


and if & has a higher value than this, oscillations of energy cannot 
occur. The case of a transmission line with distributed capacity 
and inductance is much more complicated, and the mathematical 
analysis is very difficult; but if the receiving end of a long trans- 
mission line of negligible resistance is closed through a resistance 


(line to neutral) of value 7 
R={ (73) 
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there will be no oscillations of energy resulting from a sudden 
change of potential. In other words, a surge travelling along 
the line will be completely absorbed, and there will be no “re- 
flected” waves. (The proof of this statement will be given in 
Article 86). 

If & has a value smaller than that given by formula (73) there 
will be “reflection” of some part of the impressed energy, and 
oscillations will occur; but these will gradually decrease in ampli- 
tude according to the logarithmic law. 

84. Frequency of Oscillations——The rate at which the oscil- 
lating energy will pass back and forth between the magnetic and 
the dielectric fields is entirely independent of the frequency of 
the power current in a transmission line. By formula (71) we 
have 


E = Ise (74) 


but since J may be considered as the charging current of a conden- 
ser of capacity C with a voltage H across the terminals, we can 
also write 
— ape 
IafC 
which is obtained from formula (36) of Article 54, Chapter IV. 
The value of f obtained by equating (74) and (75) is 


(75) 


i : 
= ———— periods per second 76 
f Ir~/LC ae y ue 


which is the periodicity of the oscillations when the inductance 
and capacity are supposed to be concentrated at a given point. 
When capacity and inductance are distributed as on a long-dis- 
tance power-transmission line, the formula for the frequency of 
oscillation as developed by Dr. Steinmetz is 
1 

ee Vie (77) 
which is the frequency of resonance and is called the natural 
frequency of the line. It should be noted that L and C, as in 
the previous formulas, are expressed in henrys and farads; but 
since we are dealing with a product, not a ratio, of the two quan- 
tities, it is the inductance per mile X length in miles, and the 
capacity per mile X length in miles, that these symbols now stand 


for. 
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By formula (37) of Article 54, Chapter IV, the approximate 
value of the product CL for an overhead transmission one mile 


long is seen to be 

1 
ake 34700 xX 10° 
which, when substituted in formula (77), gives for the natural 
frequency of an overhead line, 


1 186000 


where L is the distance of transmission, or length of a single 
conductor, in miles. . 

85. Wave Length.—The rate of travel of an electric impulse 
along an overhead wire is approximately the same as the velocity 
of light, or (say) 186,000 miles per second. ‘Thus, if we imagine 


D 

' 

\ 

ae 

-—775 miles~->1 


8100 miles=—= = Set 


Fig. 63.—Diagram showing instantaneous value of current at different points 
on a long transmission line. 


an alternating e.m.f. of frequency f = 60 applied to the ends of 


186000 


a circuit of length GOs 3100 miles, the maximum value 


of the current wave would occur at the receiving end of the line 
simultaneously with the maximum value at the sending end, but 
it would be the crest of a current wave which had left the sending 
end exactly 469 second earlier. Fig. 63 is an attempt to indi- 
cate the travel of the electrical impulse over a wire of great 
length. The ordinates of the curve show the value of the current 
at any point along the line at the instant when the impressed sine 
wave of current has attained its maximum value at the sending 
end of the line. The wave length, or distance covered by one 
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. 186000. SpA , 
complete wave, is f miles, which in this example is 3100 


miles. 

A quarter wave length line with a frequency of 60 would be 
186,000 ; murs 
Care 775 miles long; it would have the peculiarity that the 


pressure (or current) wave would have zero value at one end of 
the line at the same instant of time as its value was a maximum 
at the other end. The characteristics of such a line are quite 
different from those of an ordinary transmission line, and al- 
though at ordinary frequencies trouble from this cause is not 
likely to result, it is possible to get the resonance effect of a 
quarter wave line with the higher harmonics of a distorted wave, 
even on practical transmission lines. 

The natural period of an overhead line, as given by formula 
(78) is 

1 186000 
sp ate f 


in which Z is now seen to be the length in miles of a quarter wave 
transmission line, although it was not previously pointed out that 
the constant 186,000 in formula (78) actually represents the veloc- 
ity of light (or of an electric impulse) in miles per second. 

Without attempting to explain or analyze the properties 
peculiar to a quarter wave length transmission line, it may be 
said that these are largely due to the fact of the quarter wave 
displacement providing the charging current for the line, and so 
leaving the generators to supply the load and losses. The induc- 
tive pressure drop and the charging current are, in effect, wiped 
out by the peculiar overlapping of the travelling waves of energy. 
The power factor of a line specially designed to make use of this 
peculiarity would, therefore, be very nearly 100 per cent. at all 
loads, and the regulation, even if the load were inductive, might 
be surprisingly good. With distorted waves, and complications 
due to limited length of line, branch circuits, and other causes, 
it is usually desirable to avoid the conditions of resonance in 
practice. 

As an example, consider a line 200 miles long: what frequency 
will cause the quarter wave effect? This is the frequency which 
causes the conditions at the sending end to be repeated at the 
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receiving end exactly one quarter of a period later, and by formula 


(78) we have 
186000 


~ 4X 200 


which is the lowest frequency at which free oscillations can occur 
on a transmission line of this length. It corresponds to the third 
harmonic of a wave of fundamental frequency 77.7, which should 
therefore be avoided; but either 60 or 25 ous will be satis- 
factory on a line of this length. 

86. Reflection of Travelling Waves.—Imagine a three-phase 
transmission line arranged as shown in Fig. 64. Here G is a 
three-phase generator from which a voltage e as measured be- 
tween line (1) and ground (or neutral point of star connection): is 
suddenly impressed for a very short space of time, by closing 
and then immediately opening the three-pole switch S. We have 
here the case of a ‘‘ wave pulse” travelling along the transmission 
line with the velocity of light. Let us consider what happens 
- when it reaches the end of the line, for the three conditions, 


= 233 cycles per second 


c d (3) 
No re ee ate 
: HEE ET (2) k ER 
ST Ae 
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apnea ce a 
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Fie. 64.—Diagram illustrating ‘‘wave pulse’’ travelling along a three-phase 
transmission line. 


1. Line open (R = ~) 

2. Line short-circuited (R = 0) 

3. Line closed through a non-inductive resistance of value R 
(line to neutral). 

Suppose that the operations of closing and opening the switch 
have been performed so quickly that we have a rectangular wave 
pulse of which the length ab depends upon the time during which 
the switch was closed. The current 7 flows in the wire between 
the points a and b, but neither forward of b nor backward of a. 
It carries with it the system of magnetic and dielectric flux lines 
in the space comprised between the planes ac and bd; the complete 
energy pulsation being supposed to move away from G with the 
velocity of light. 
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Assuming the resistance of the conductors to be negligible, the 
relation between 7 and ¢ is given by formula (71). 

To satisfy Case (1), the current arriving at the open end of 
the line must, at every instant, be equal to the current leaving 
this point; and since R = & (t.e., since the circuit is open) 7 + 7’ 
= 0; the symbol 7’ standing for the “reflected” current. 

In order to reverse the current and start the wave pulse back 
toward the generator end of the line, we must conceive of a 
“piling up” of the e.m.f. at the open end of the line sufficient 
to force the reflected current 2’ against the incoming current 7. 
But that is exactly what must necessarily occur because when half 
of the wave pulse of current has been reflected, the resultant 
current in the line will be zero, and since no energy has been lost, 
it must all be in the electrostatic field. 

Apart from the relation 7 + 2’ = 0, at the open end of the line, 


the equations 
oeae 
i NG 
for the outgoing wave, and 


To AE 
NG 


for the reflected wave, must be satisfied; whence it follows that 
€ =e when 1= —7, 

In other words, during the period of reversal of the current 
wave, at all portions of the line where 1 = — 7’, the voltage must 
be 2e. On arrival at the point where the reversal of the wave 
pulse is complete, the voltage will again have its original value 
of e volts. 

Case 2.—With a short-circuit at the end of the line, complete 
reflection of the wave pulse will also occur, but it will now be 
the voltage instead of the current that is reversed. Since there 


1 This relation is not obviously true of a travelling wave or impulse; but 
in order to avoid devoting a disproportionate amount of space to this sub- 
ject, it is necessary to refer the reader to other sources of information, 
should he find this brief treatment inadequate to his needs. The most 
practical and the clearest explanation of the peculiarities of travelling waves, 
known to the writer, will be found in Franklin and MacNutt’s “Advanced 
Electricity and Magnetism.” These authors present the subject in a 
manner that will satisfy the requirements of most electrical engineers far 
better than the many highly mathematical writings on the same subject by 


other authors. 
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is a short-circuit at the end of the line, the volts must be zero 
when the wave pulse is in process of reversal, and in order to 
maintain the total energy constant (a necessary condition) the 
current where the overlapping occurs must be 22. When reversal 
is complete, the current will be 7 as before—that is to say, 
of the same amount and direction; but the voltage e will be 
of opposite sign because the wave pulse of energy is now travelling 
along the line in the reverse direction. 

Case 3.—Comparing the two preceding extreme cases, it is 
evident that since e’ =e and 7’ = —7 when R = oa, while 
e’ = —e and 2’ =7 when R = 0, there must be a particular 
intermediate value of R which will absorb the wave pulse and 
prevent reflection. 

L 


When /? is made equal to C? reflection cannot occur because 
both voltage and current waves will enter the resistance un- 
changed. 


Using symbols, we can say that for any value of R, if 7 is the 
outgoing current and 7’ is the reflected current,! the balance 
which enters the resistance is 7, = ( +72’). The volts at the 
end of the line must therefore be (e +e’) =R(w@+7’) and 
since there is to be no reflection, both e’ and 2’ must be zero; 
whence 
aE 
7 NC 

Although the cases considered have been chosen merely to 
explain general principles, and do not exactly represent conditions 
likely to arise in practice, they should nevertheless be helpful 
in giving some indication of when troublesome surges or oscilla- 
tions are likely to occur. Instead of a detached “wave pulse”’ 
travelling along a line, we must usually think of a ‘‘ wave train”’ 
of harmonic functions of gradually decreasing amplitude travel- 
ling along the line in both directions from the point where the dis- 
turbance occurs. Arriving at the ends of the line, or at points 
where branch circuits or transformers are connected, these 
travelling waves of energy may be totally or partially reflected. 
The reflected waves meeting the outgoing waves may lead to 
considerable magnification of the original trouble. 


jp = 


1 Both 7’ and e’ (the ‘‘reflected”’ current and voltage) may be positive or 
negative quantities depending upon their direction relatively to the direction 
of these components of the original energy wave pulse. 
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Standing Waves.—If the conductor resistance is so small as 
to be negligible, the oscillations of energy may be thought of as a 
wave train of harmonic functions of constant amplitude travelling 
to the end of the line which we shall suppose to be unloaded 
(7.e., open). The waves are therefore reflected in the manner pre- 
viously explained under Case (1), and the reflected waves, 
meeting the outgoing waves, produce nodes, or points of zero 
potential, and antinodes where the voltage is exactly double the 
maximum voltage of the original disturbance. At these points 
of double voltage the current must be zero—since the total 
energy remains constant—and the nodes of the current waves 
therefore occur at the antinodes of the voltage waves. The com- 
bination of the outgoing and reflected waves is thus seen to 
produce standing waves which remain stationary in position 
although varying in amplitude. The resistance of the conductors 
prevents this s¢mple mode of oscillation being exactly realized 
on a practical transmission line. 

87. Line Disturbances Caused by Switching Operations.— 
It is hardly necessary to add anything to what has already been 
said, in order to emphasize the possible danger of suddenly 
switching a source of electrical energy on or off a long trans- 
mission line. Unfortunately the calculations of the probable 
surges or oscillations are not easily made, and moreover accurate 
data concerning the characteristics of the various circuits and 
apparatus connected to the system are rarely available. It 
follows that the engineer cannot predetermine accurately what 
will happen under the different probable or possible conditions 
of operation; but a general understanding of the principles 
underlying the creation of energy surges in a system of electric 
conductors will enable him to avoid obvious mistakes in the 
design and operation of a particular transmission scheme. 

There is frequently danger of abnormally high voltages due to 
surges at the points where there is a change in the constants of the 
circuit. Thus, if a transformer is connected across the ends of a 
long overhead transmission line, there will be a rise of pressure 
when a travelling wave arrives at this point because the surge 


impedance Ae) of the transformer winding may be between 


2000 and 4000 ohms, which is very much higher than that of the 
line itself (about 400 ohms as previously explained). For this 
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reason the end turns of the transformer primaries should be 
specially insulated to withstand much higher voltages between 
turns than the remainder of the winding. 

In the case of a change from underground to overhead trans- 
mission, a surge originating in the cable will produce a rise in 
pressure at the junction with the overhead line, while the con- 
trary will occur (¢.e., the voltage will be reduced) if the 
surge is originated in the overhead line and passes into the cable 
system of which the surge impedance will always be smaller 
than that of the overhead transmission. 

With the good insulation provided on modern high voltage 
systems, it is doubtful if the interruption of the current by 
opening switches under load is likely to cause serious voltage 
disturbances, except in the case of air-break switches where a 
long are may be formed and suddenly interrupted—as for in- 
stance by a draught of air—when the current is of considerable 
value. Oil-break switches almost invariably open the circuit 
at the instant when the current is passing through zero value. 

88. Lightning—The foregoing considerations do not take 
into account the effects of lightning, either by direct stroke or 
by induction, because in such cases a pressure from an outside 
source is impressed upon the circuit, and the potential of these 
atmospheric charges may be tens of times greater than any surge 
voltage due to a redistribution of the energy stored in the circuit 
itself. 

Although our knowledge of lightning phenomena is still far 
from complete, it is generally agreed that a single stroke of 
lightning is of short duration, frequently not exceeding the one- 
thousandth part of a second. If an overhead conductor re- 
ceives a direct stroke of lightning, the potential value of the 
lightning charge is generally so enormously in excess of the 
working pressure on the conductors that the lightning leaps 
over the insulators down the pole to ground. Any charge on 
the line, which is not sufficiently high in potential above ground 
to jump over the insulators, will travel along the line in both 
directions until it is grounded through a lightning arrestor or dis- 
sipated as J? losses in the conductors. The frequency of such 
travelling waves will depend upon the natural frequency of the 
line, and may be of the order of 1000 to 5000 cycles per second. 
If the resistance of an arrestor or the path through which a dis- 
charge occurs, were zero, the current passing would be a maxi- 
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mum. If C is the capacity in farads, and L the inductance, 


in henrys, of unit length of line, then ne is the surge impedance 


v7) 


of the circuit; and the maximum possible value of the current 
: L é : 
will be Imax = EH + Ae where F is the impressed voltage, which 


may be considered as something less than the pressure which will 
cause a flash-over at the insulators. 

The intense concentration of lightning disturbances is the 
cause of the difficulties experienced in protecting transmission 
lines by means of lightning arrestors; experience tends to show 
that an arrestor does not adequately protect apparatus at a 
greater distance than 500 ft., yet it is unusual to find arrestors 
on a transmission line at closer intervals than 2000 ft. 

Disturbances are most likely to occur on exposed heights, and 
on open wet lowlands; special attention should therefore be paid 
to lightning protection at such places. 

Although the quantity of electricty in a lightning flash may not 
be very great, the short duration of the flash accounts for currents 
which are probably of the order of 20,000 to 50,000 amperes. 

Apart from the effects of atmospheric electricity, it is necessary 
to guard against the abnormal pressure rises that will occur on 
long transmission lines through any cause, such as switching 
operations, or an intermittent “ground.” Over-voltages up to 
40 per cent. in excess of the normal line voltage can be produced 
by switching in a long line. High-frequency impulses or surges 
are set up, which, in the special case of an arcing ground, may 
give rise to a destructive series of surges, a state of things which 
will continue until the fault is removed. An arrestor which may 
be suitable for dealing with transitory lightning effects may 
be quite inadequate to dissipate the charges built up by such 
continual surges. 

89. Protection of Overhead Systems against Direct Lightning 
Strokes and Sudden Accumulations of High Potential Static 
Charges.—Under this heading the ordinary lightning rod and 
grounded guard wire will be briefly dealt with. If no guard wire 
is used, lightning rods should be provided at intervals along the 
line. They may be fixed to every pole or tower, but, in any case, 
they should not be spaced farther apart than 300 to 400 ft. un- 
less the spacing of the supporting poles or towers has to be greater 
than this, for economic reasons. It is especially important to 
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provided them on the poles or towers in exposed positions such as 
hill tops. They should project from 3 to 6 ft. or more above 
the topmost wire. A convenient form of lightning rod is a 
length of galvanized angle iron bolted to pole top or forming 
an extension to the structure of a steel tower. Long lines have 
been worked satisfactorily for extended periods without lightning 
rods or guard wires, but these are extra high pressure transmis- 
sions which, on account of the better insulation throughout, are 
always less liable to trouble from lightning than the lower 
voltage systems. 

Although engineers are still divided in opinion as to the value 
cf the protection afforded by overhead grounded guard wires, 
carried the whole length of the line above the conductors, it is now 
generally recognized that this method of protection is efficient. 
The objections to the guard wire are the additional cost and the 
possibility of the grounded wire breaking, and falling across the 
conductors below, thus causing an interruption to continuous 
working. ‘Trouble due to this cause is, however, exceedingly 
rare. 

It has been suggested that the guard wire or wires should 
be of the same material as the conductors, in order that the ‘‘life”’ 
of all the wires may be the same; but there are other considera- 
tions in favor of using a galvanized stranded steel cable for the 
guard wire. This may be the ordinary cable, 546 to %@ in. in 
diameter, as used for guying poles; but, where great strength is 
required, the Siemens-Martin steel cable, with or without hemp 
core, is preferable. Bessemer steel wire has not been found satis- 
factory for this purpose. In the case of the “flexible” steel 
tower type of line, a strong steel guard wire joining the tops of 
the towers, adds greatly to the strength and stability of the line, 
and may even, on long lines, save its cost, by allowing the use of 
lighter structures and fewer intermediate (dead-ending) towers. 

In regard to the position of overhead guard wires relatively to 
the conductors, it is obvious that a number of grounded wires 
surrounding the conductors will afford better protection than a 
single wire above the conductors; and two guard wires are some- 
times provided; but the additional cost is rarely justified. Per- 
fect protection cannot be obtained even with two guard wires, 
and cases have been reported of lightning missing the grounded 
wire and striking a conductor situated immediately below. 

The best pesition for a single guard wire placed above the con- 
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ductors is, according to Dr. Steinmetz! such that all the current 
carrying wires are included within an angle of 60 degrees below 
the guard wire. Additional wires can be installed in exposed 
positions, such as the summit, or very near the summit, of a range 
of hills, or by the shores of lakes or seas where the prevailing 
winds come over the water. In such positions, an additional 
guard wire on the side of the conductors may be useful. The 
guard wire should preferably be grounded at every pole, or at 
least every 500 ft. 

90. Protection of Insulators from Power Arcs.—As a special 
means of protecting insulators from the flash-over caused by 


Plan of Bottom Ring 


Fia. 65.—Arcing ring on pin type insulator. 


lightning, or the power are following a high potential discharge, 
the “arcing rings” first introduced by Mr. L. C. Nicholson, may 
be mentioned. These rings, which are grounded, are placed in 
such a position as to take the are, and hold it at a sufficient dis- 
tance from the porcelain of the insulator to prevent cracking or 
breakage by heat. The illustrations, Figs. 65 and 66, show 
the arrangement of the grounded arcing rings attached to stand- 
ard types of insulator made by the Locke Insulator Manufactur- 
ing Company. It is not claimed that these rings will protect an 


1 Discussion of the Committee on ‘Lightning Protection,” of the National: 


Electric Light Association, May, 1908. 
12 
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insulator against a direct lighting stroke; but their utility on 
high-pressure lines transmitting large amounts of power has been 
proved without doubt. 

Although a pair of metal rings, one near the top and one near 
the bottom of the insulator will probably afford the best pro- 
tection, the arrangement of arcing rods shown in Fig. 67 will 
prove almost as effective; the object being not only to provide a 
path for the high-voltage flash-over which shall keep the are 
away from the porcelain, but also to prevent puncture of the 
insulator due to concentration of potential at the points of 


s . Arcing Ring No.2838 


Arcing Ring No.2839 


Stanislaus Clamp 


Plan of Ring No.28389 


Fic. 66.—Arcing rings on suspension type insulator. 


attachment to the metal fittings. The arcing horns as shown 
in Fig. 67 are used on the insulators of the 66,000 volt lines of 
the Peninsular Power Company, of Iron Mountain, Mich., de- 
scribed by Mr. Max. H. Collbohm in the Electrical World of April 
18, 1914. 

91. Methods of Grounding.—The ground wire from lightning 
rod, guard wire, or arrestor, on high-tension transmission circuits, 
should be as short and as straight as possible; it need not be of 
very low resistance; but small reactance is of first importance. 


1The question of resistances in series with spark gap arrestors will be 
taken up in Article 93. 
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The ground plate should have a large surface but the material is 
of little importance, except that it is not wise to bury aluminum 
wires in the ground, because of possible electrolytic action. 
Galvanized iron is a good material. If the ground contact is 
made with one or more iron pipes buried or driven into the 
ground, these pipes may be from 1 to 114 in. in diameter, and 
a good connection should be made to the top of the pipe, as the 
inductive effect of an iron tube surrounding the ground wire 
might be considerable if a connection were made only at the 
bottom of the pipe. One or more 
pipes 8 to 10 ft. long, driven into 
the ground with 6-in. to 12-in. pro- 
jecting above, will generally be 
found more effective than buried 
plates. A very low resistance 
ground is not essential on a_ high- 
tension system, and, generally 
speaking, the special forms of 
ground plate made of perforated 
copper, designed to hold, or to be 
in contact with, crushed charcoal, 
are unnecessary. Ifa plate is used, 
this should be not less than 12 in. 
square, but need not be larger than 
18 in. square; it may be of galva- 
nized iron 34 6 in. or 14 in. thick, Pia. 67,—Arrangement of arcing 
- 3 é rods above and below string of 
buried as deep as possible in the insulators. : 
ground, and, in all cases, an effort 
should be made to secure permanently damp soil for ground 
plates or pipes. 

92. Relieving Conductors of High Potential ‘‘Static.” 
Water Jet Arresters.—By directing a stream of water from 
the nozzle of a grounded metal pipe ou to the high-tension con- 
ductors, a high-resistance non-inductive path to ground is pro- 
vided for the extra-high potential charges on the line; but there 
will be very little leakage of power current. It is claimed that 
arresters constructed on this principle have been found useful in 
practice; but the employment of jets of water has its objections. 
It is usual to put the jets in action only at times when electric 
storms are pending; and the reliance on the “human element” 
renders the apparatus less valuable than an equally effective 
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device which is always ready to act. Patents have been granted 
for various forms of water-jet arresters, but they are not exten- 
sively used at the present time. ‘The chief function of the water 
jet is to prevent the building up of static pressures on the line 
caused by the contact of dust, snow, or rain drops, blown against 
or falling upon an insulated line of considerable length, or by 
variations in the potential of the atmosphere, at different parts 
of a line traversing hilly country. 

Since other means, such as highly inductive resistances, or 
the grounding of the neutral point of transformers connected 
to the line, are available for preventing the accumulation of static 
charges on an overhead line, the advantages claimed for water 
jets are not obvious. Many engineers of high standing in Europe 
use water-jet dischargers, and recommend them for pressures up to 
40,000 and even 50,000 volts. For higher line pressures, iron- 
cored choke coils are preferable for the purpose of draining the 
system of static charges. These should always be of the single- 
phase type connected between the line and ground through 
damping resistances, the purpose of which is to prevent energy 
oscillations. The connection to the line should be made at a 
point between the lightning arrester and the apparatus to be 
protected. It has been stated that water Jets are effective in 
preventing damage by direct lightning strokes in their immedi- 
ate neighborhood; but no very definite evidence to this effect 
is forthcoming. If the column of water is of so high a resistance 
that it causes no appreciable leakage of the power current, it is not 
easy to believe that it can prove equal in an emergency to shunt- 
ing the hundreds or thousands of amperes which would otherwise 
pass to ground through the apparatus connected to the line. 

93. Horn Gap.—Nearly all lightning arresters are designed on 
the principle of one or more spark gaps between the conductors 
and ground, the air space being so adjusted that the normal differ- 
ence of potential between the line and ground is insufficient to 
jump the gap; but abnormally high pressures will break down the 
insulation of the gap, and so find a path to ground before the 
pressure is sufficiently high to damage the insulation of the line 
or the apparatus connected thereto. 

The ordinary horn gap arrester of the type shown in Fig. 68, 
is so well known that it requires no detailed description. When 
the potential rises to such a value that it can jump the gap 
at the base of the curved wires, the power arc will follow the dis- 
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charge, but, owing partly to the upward tendency of the heated 
air, and mainly to the magnetic field produced by the current 
itself, the are is driven upward toward the ends of the “horns”’ 
where, after being sufficiently drawn out in length, it is finally 
ruptured. The horn gap is not effective when set to discharge 
at pressures below 13,000 volts, because, with a small gap (less 
than 1 in.), the are may not rise and break properly. The usual 
settings for horn gaps are as follows: the voltages in the table are 
the r.m.s. values on the sine-wayve assumption, and they must not 


Fic. 68.—Horn arrester with disconnecting switch. 


be used except as a rough indication of the probable gap between 
horns: 


Gap, in. Working voltage across gap Bo ey 
1 21,000 30,000 
14% 29,000 : 41,000 
2 34,000 48,000 
3 44,000 63,000 
4 52,000 74,000 
6 65,000 93,000 
8 77,000 110,000 
10 88,000 126,000 
12 98,000 140,000 


nn EE EEEEEEEEE ERE! 


A non-inductive resistance should be connected in the ground 
wire from the horn arrester. An ordinary wooden barrel filled 
with water, with a connecting plate at the bottom, and the upper 
terminal carried about 6 in. below the surface of the water, 
makes an effective resistance. If no resistance is provided in the 
ground connection, the momentary discharge of the power 
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current may be excessive, dangerous surges may be set up in the 
line, and there is the possibility of synchronous machines being 
thrown out of step. 

As an example of how a suitable value for the resistance in 
the ground connecton may be estimated, consider a 60,000 volt 


three-phase line of surge impedance ne = 300 ohms. The 


maximum value of the working pressure between wire and ground 
under normal conditions, on the sine wave assumption, 1s 


60000 
FACIES we xX 1/2 volts. 


Let the safety factor of the line ee be 3, that is to say, 
the insulators will flash over with ae < 3 volts @.m.s.) to 


ground. Any voltage exceeding this value will cause a “spill- 
over’ and it therefore follows that the maximum possible tran- 
sient voltage which can be added to the crest of the normal 
e.m.f. wave and travel along the line, is 
60000 
C= = 273 x v2) = 98000 volts. 
The maximum transient current that the arrester will have to 
take care of is therefore 


eee ee 327 amperes. 


Ae 300 
C 


If the arrester is to prevent a spill-over and-afford reasonable 
protection to the insulation of the station apparatus, it must be 
set for a lower voltage than 3H,, the usual setting being about 
15H, If Ra is the non-inductive resistance in the grounded 
connection of the arrester, the potential drop across it, if the 
maximum possible value of the surge current passes through 
it to ground, will be 7R., whence 

Lote = tha La 

0.5F, 17000 - 
and Ra = ; 397 = 52 ohms. 

In this calculation, the resistance of the air-gap is supposed to 

be zero at the time of the discharge; but in any case in does 
not follow that 52 ohms will be the best possible value for the 
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resistance: the problem is not quite so simple as these considera- 
tions would appear to imply. Experience is the best guide in 
arriving at the most effective value of the resistance in the 
ground connection. It is evident that an appreciable amount of 
resistance is desirable, but that too high a resistance will allow 
insufficient current to pass to ground, and moreover may stand 
in the way of the rapid extinction of the are across the horns. 
When deciding upon a suitable value, the effect of the power 
current following the discharge should be considered. Thus, 
in the above example the power current on one phase (conductor 
to ground) would be ee 

/3 X 52 
output of 23,000 kw. on one phase, if the arrester is near the 
generating station. Tor this reason alone, it might be desirable 
to use a grounding resistance somewhat larger than the calculated 
52 ohms. 

One serious disadvantage to the ordinary horn-gap arrester 
is the liability of an intermittent are setting up surges and high 
potential disturbances which may lead to more trouble than the 
original cause of the spark-over. Fairly satisfactory results 
have been obtained by providing a number of horn gaps on a 
high-tension transmission and “grading”’ these, by adjusting 
some of them to discharge with a very small rise of pressure 
through a high resistance; while other sets would have larger 
gaps and lower resistances in series; the very largest gap being 
such as to break down only rarely, under exceptionally high pres- 
sures, and this should have a very low resistance in series but 
may with advantage be protected by a fuse. 

Horn arresters, if intelligently placed and properly connected 
and adjusted, are capable of affording good protection on circuits 
(both A.C. and D.C.) up to 20,000 volts; but the multi-gap and 
“low equivalent” arresters, as originally suggested by Mr. 
P. H. Thomas, have some special features which have led to their 
frequent adoption on alternating current circuits for pressures 
up to about 35,000 volts. 

94. Multiple-gap Low Equivalent Arrester.—In this type of 
arrester there are many air gaps in series between the line and 
ground. No single gap is greater than 19 in. or 46 in. and 
it occurs between the adjacent surfaces of small cylinders made 
of a so-called “non-arcing’’? metal as used in the earlier types 
of Wurtz arrester. The number of gaps in series depends upon 


= 666 amperes, representing an 
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the working voltage of the line, and the last of the metal cylinders 
is connected to ground (or to one of the return conductors, as 
the case may be) though a non-inductive resistance, which may, 
with advantage, be shunted by a fuse in series with a spark gap. 
Sometimes a portion of this resistance is bridged by a number of 


Line 


Ground Shield 
Recommendea for Arrestors 
on the higher Voltage Systems 


Unshunted Gaps 
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Shunt Resistances 


Shunted Gaps 


Spark Gap and Fuse 
(Not Essential) 


Series Resistancé 


=——, Ground 


Fia, 69.—Diagram of multiple-gap low equivalent arrester. 


spark gaps, all as shown in the diagram Fig. 69. These shunted 
gaps act as a sort of by-pass for heavy discharges, the amount 
of the series resistance, through which all discharges have to 
pass, being comparatively small. The theory of the low equiva- 
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lent arrester has been ably discussed by other writers.! Its 
action, is, briefly, as follows. There is a certain electrostatic 
capacity between consecutive cylinders, and between each one 
of these cylinders and ground; and the potential gradient is con- 
siderably greater at the high voltage end of the arrester, with the 
result that, when the total voltage across the arrester reaches a 
certain critical value, the breakdown occurs between the first 
and second cylinders. The second cylinder is then connected 
to the first by an are, so that its potential rises accordingly, 
until a breakdown occurs between the second and third cylinders; 
and soon. The line current then follows the discharge, and in so 
doing, tends to produce a uniform fall of potential along the line 
of cylinders, with the result that the maximum potential difference 
between cylinders is considerably less than that required for 
the initial breakdown, and the power arc is ruptured as the 
current passes through zero value. When a breakdown occurs 
between two cylinders, the potential of the lower cylinder of 
the series will depend upon the quantity of electricity which 
passes to it from the more highly charged cylinder. The initial 
current is really a capacity current, and it will therefore be 
greater at the higher frequencies; but, by a scientific propor- 
tioning of the shunted resistance, a very satisfactory arrester 
of this type can be made, for use on circuits up to about 13,000 
volts; it is less effective on higher voltages, but is actually used 
on 20,000-volt, and even 35,000-volt transmission lines. 

One reason why the multiple-gap low equivalent arrester is 
not satisfactory on very high voltage systems is that the necessary 
increase in the number of gaps to prevent arcing over by the line 
voltage alone, is out of all proportion to the increase in voltage. 
There is also much uncertainty as to the number of gaps required, 
which will depend on the position of the arrester relatively 
to surrounding grounded objects. With the ground potential 
brought very near to the arrester, the potential gradient at the 
end near the line frequently becomes high enough to ionize the 
air between the cylinders, thus carrying the line potential to 
lower cylinders, until the remaining gaps are so few that a dis- 
charge occurs. In order to obtain the more equal division of 

1See Dr. Steinmetz on the theory of this type of arrester in vol. xxv 
(1906), of the Proceedings of the A. I. E. KE. Also the excellent book “Les 
surtensions dans les distributions d’energie electrique,’ by I. Van Dam 
(Van Mantgem & De Does, Amsterdam) whose theoretical treatment of 
this and kindred problems always has the practical end in view. 


186 ELECTRIC POWER, TRANSMISSION 


the total potential difference, and so allow of a reduction in the 
total number of gaps, such as would be obtained by removing 
the whole arrester to a considerable distance from grounded 
objects, a metal guard plate or shield is sometimes placed near 
the gaps at the high potential end of the arrester, and connected 
to the line wire as indicated in Fig. 69. The theory of the poten- 
tial distribution over the string of insulated metal cylinders 
in the multiple-gap arrester need not be discussed here because 
the problem has already been considered in connection with the 
suspension type of insulator (refer Article 74, Chapter V). It 
is evident that, if the electrostatic capacity between the con- 
secutive elements of the arrester can be made large relatively 
to the capacity to ground, a more uniform drop of potential 
over the series of elements will result, thus rendering this type of 
arrester more suitable for the higher pressures. The introduction 
of condensers to increase the capacity from element to element 
is the basis of the Moligniani system which has been patented 
and is in use in Italy. It seems probable, however, that the 
high cost of the condensers will stand in the way of this method 
proving superior to other possible alternatives. 

95. Spark-gap Arresters with Circuit Breakers or Re-setting 
Fuses.—lIf the resistance in series with a gap arrester is very 
small a good path is provided to ground for taking a very heavy 
discharge; but there will be a large flow of power current in the 
arc following the discharge. This current may be interrupted 
by connecting some self-acting device such as a fuse or automatic 
circuit breaker in the ground connection; and arresters, whether 
of the horn type or with any other kind of spark gap, are some- 
times provided with fuses so arranged that when one fuse blows, 
the dropping of a lever or an equivalent device, automatically 
inserts.another fuse, so that the system is not left unprotected. 
Even without automatic replacement, if a number of gaps with 
fuses are connected in parallel, it will generally be found that one 
discharge will not blow all the fuses, and that during the passage’ 
of a single storm, the line will be adequately protected. 

In the Garton-Daniels arrester, for use on alternating-current 
circuits up to 20,000 volts, the principle of the multiple gap is 
combined with a simple type of automatic circuit breaker con- 
nected as a shunt to some of the spark gaps, in order that the 
discharge path for the lightning shall remain unaltered even 
during the operation of the arrester. The arrester is built up 
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of several unit parts connected in series; each unit being rated 
for 3300 volts. The illustration, Fig. 70, shows a complete 
single-phase arrester for 10,000 volts. On a 20,000 volt circuit, 
there would be eight units in series, the total air gap distance 
being 1! in., with a series resistance averaging 3800 ohms. 
The diagram, Fig. 71, refers to a single unit of the Garton-Daniels 
arrester. The discharge follows the straight path through the 
two sets of air gaps and the resistance rod, as indicated by the 
round dots. The power current following the discharge will, 
after passing through the two upper gaps and the resistance rod, 
be shunted by the low resistance winding of the circuit breaker; 


Ground }* 


Fia. 70.—Garton-Daniels arrester Fic. 71.—Diagram of Garton-Daniels 
for 10,000-volt circuit. arrester. 


and if this following current is too heavy to be ruptured by the 
combined action of these two gaps and the resistance rod, the 
iron armature of the circuit breaker will be lifted by the action 
of the solenoid, thus throwing the two lower spark gaps in series, 
and extinguishing the are. 

96. Aluminum Cell Arrester—When two aluminum electrodes 
are immersed in a suitable electrolyte, an insulating film of hy- 
droxide of aluminum is formed on the surface of the metal; 
this effectually prevents the passage of any appreciable amount of 
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current until a certain critical voltage is reached, when the film 
breaks down and the current is limited only by the resistance 
of the electrolyte. On lowering the voltage, the film is reformed 
and the flow of current again limited to a very small amount. 

With alternating currents, the critical potential difference per 
pair of plates is about 350 volts, and the practical construction of 
lightning arresters on this principle consists in stacking a large 
number of cone-shaped aluminum plates one within the other, 
with suitable separating washers of insulating material between 
them. In this manner a column is formed of a large number of 
cells in series, capable of withstanding high voltages. The whole 
is enclosed in a case containing oil, which improves the insulation 
and prevents the evaporation of the electrolyte which fills the 
spaces between adjacent trays within a short distance of the edge. 

If cells built up in this manner are connected directly between 
line and ground, there will be an appreciable current passing 
through them, which is partly a leakage current, but chiefly a 
capacity current. It is therefore customary to insert a spark 
gap, usually of the horn type, in series with the aluminum cell 
arrester; the gap being set to break down with a pressure slightly 
in excess of the normal working voltage. 

Although the film of hydroxide is formed on the plates at the 
factory before the arresters are installed, it is necessary to main- 
tain it by periodic “charging” of the cells; this being done by 
closing, or nearly closing, the spark gap in series, so as to put the 
full line pressure across the arrester. It is generally recom- 
mended that this be done once every day. 

In principle the aluminum cell arrester would appear to offer 
an ideal solution of the problem of lightning protection; because, 
once the critical voltage is exceeded, and the film broken down, a 
very large current—depending on the amount of separation and 
the area of the plates, and also the nature of the electrolyte—is 
allowed to pass to ground; and the device is capable of dealing 
with continual surges, such as will occur with an intermittent 
ground, for a period of about half an hour without excessive heat- 
ing. In practice it has proved fairly satisfactory, especially on 
the higher voltages; but, apart from its large initial cost, it has fre- 
quently been found to be somewhat costly in upkeep, as the 
aluminum cells are liable to become damaged through frequent 
and heavy discharges, and have to be periodically reformed or 
replaced. Then again, the necessity of charging with the line 
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current is an objection where there is not an operator constantly 
in attendance; and lastly, it must not be overlooked that the 
device suffers from the disadvantage common to all spark-gap 
devices, namely that high-frequency surges are liable to be set up 
in the system when the spark gap discharges. In this particular 
case the trouble is able to occur, not only when the horn gap 
breaks down while fulfilling its function of discharging an excess 
of pressure through the cells, but also when the spark is delib- 
erately formed for the purpose of charging the cells. On very 
high pressure systems it is possible that the surges set’ up by 
spark gaps in series with the resistance of the cells are not likely 
to cause trouble; but this suggests the possibility of simpler 
and less costly devices such as the graded horn gaps previously 
referred to, being equally effective. On the other hand, when 
used on low voltage systems operating at about 11,000 volts 
(especially if the generators are directly connected to the trans- 
mission line, without the intervention of step-up transformers) 
the operation of charging the aluminum cell arresters in the 
generating station has been known to break down the insulation 
of the generators. 

The makers of this type of arrester appear to have recognized 
the danger of damage to apparatus arising from the operation 
of charging the cells, and they now recommend that the charg- 
ing current be passed through a resistance in series with the 
arresters. Suitable resistances are provided in connection with 
the horn gaps so that the line pressure is not put directly across 
the aluminum arresters at the time of charging. 

The latest development in this direction consists of a some- 
what complex arrangement combining sphere gaps, horn gaps, 
and resistances; the object being to obtain a quick and free dis- 
charge of disturbances of steep wave front across sphere gaps 
without resistance in series. If the are persists across this gap it 
rises to another sphere gap which has resistance in series to 
dampen the oscillations of energy. Other lightning discharges are 
dealt with by a horn gap of the ordinary type mounted imme- 
diately above the second sphere gap. 

97. Condensers.—Although much has been done, and more 
good work will probably be done in the future by the intelligent 
“orading” of a number of spark gaps, to afford a path to eround 
and yet avoid the setting up of dangerous high-frequency surges, 
the objections to all spark gaps are (1) the necessity of an appre- 
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ciable increase in pressure above normal line pressure to break 
down the resistance of the gap, and (2) the danger of high-fre- 
quency oscillations being set up in the network of conductors. 
A non-inductive low resistance direct connection to ground can 
obviously not be made on a high-tension alternating-current over- 
head transmission line; but a path to ground may be provided 
either through a highly inductive choke coil, or through a con- 
denser, or both, without the necessity of providing a spark gap 
in series. The inductive resistance may easily be designed to 
pass only an inappreciable current of normal or higher frequency, 
and it will therefore be useless for affording relief in the case of 
high-frequency surges; but it is capable of relieving the line of 
slowly accumulated static charges. The condenser, however, 
acts as an almost perfect insulator so far as direct currents are 
concerned; but it is pervious to high-frequency currents, and a 
suitably designed condenser, or rather battery of condensers, 
connected between line and ground without the intervention 
of any spark gap, is certainly an ideal device for dealing with 
the very high-frequency oscillations that accompany lghtning 
phenomena. This is the chief function of the Mosciki condensers 
which, although not largely used on this continent, have found 
favor in Europe—where they have been in use for many years 
in almost every country—and also in South Africa and China. 
The travelling waves induced by a lightning discharge on a 
transmission line may have a frequency of the order of 1000 
to 5000 cycles per second, and a set of condensers which will 
pass but a very small current at 25 to 60 cycles, will deal with 
much larger currents on these higher frequencies. As a matter 
of fact, an electric discharge between cloud and ground or 
between cloud and cloud may induce in the line travelling waves 
having frequencies considerably in excess of 100,000 cycles per 
second. This is proved by the fact that wireless telegraphic 
apparatus which responds only to frequencies ranging between 
about 100,000 and 1,000,000 cycles per second is interfered with 
by atmospheric electric storms. A 40-amp. fuse in series with a 
condenser has been blown during atmospheric discharges, al- 
though the condenser could not possibly pass more than a 
hundredth part of this current on frequencies of 3000 or 4000. 
It is perhaps not generally understood that high-frequency 
travelling waves may break down the insulation of generators or 
transformers even when the voltage of the induced charges is 
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small as compared with the normal operating voltage. The 
trouble is that the wave is short, and the point of zero potential 
may be only a few hundred feet behind the point of maximum 
potential. If, therefore, a travelling wave of this nature enters 
a piece of electrical machinery such as a generator or trans- 
former, the full difference of potential, which may amount to 
only a few thousand volts, may be applied across adjacent layers 
of the coil winding, thus causing a puncture and ultimate break- 
down of the insulation, even if the apparatus as a whole is 
insulated to withstand pressures of 100,000 to 200,000 volts to 
ground. As a protection against trouble of this sort from high- 
frequency induced charges, the condenser appears to offer a good 
solution. 

It must not be understood from these notes on the uses of con- 
densers as lightning arresters that the discharge is diverted to 
ground through the condenser and so dissipated, much as energy 
would be dissipated in a resistance; because the condenser can- 
not absorb or dissipate any but the smallest percentage of the 
energy passing through it. The energy is necessarily re-delivered 
to the line from which it originally came, and is ultimately dis- 
sipated through the ohmic resistance of the conductors. The 
function of the condenser is, in fact, somewhat analogous to that 
of an air chamber on a water pipe in which the rate of flow is 
subject to sudden variations. 

In view of the fact that the condenser merely shunts the high- 
frequency oscillations, and so prevents damage to the apparatus 
to be protected, but returns nearly all this energy to the line where 
it ultimately dies out owing to the conductor resistance, it would 
seem advisable to provide some small amount of resistance in 
series with the condensers, even at the risk of slightly higher 
surge pressures across the apparatus to be protected. The 
intelligent combination of condensers, reactance coils, and resist- 
ances, may be expected to afford good protection; but there 1s 
always a danger of resonance effects at certain critical wave 
frequencies. 

Since a condenser of appreciable capacity is obtainable from a 
comparatively short length of insulated underground cable, it is 
certainly advantageous to lead the current from an overhead 
transmission into gencrating- and sub-stations through a length 
of (say) 200 to 300 feet of underground cable. Of course this 
may not be possible in the case of very high pressures because 
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of the high cost of the cable, but as a matter of fact any form of 
condenser becomes very costly when designed for use on high 
voltage systems. The effect of an underground cable on a surge 
travelling along an overhead line has already been referred to 
in Article 87. The greater capacity (per unit length) of the 


cable is such that its surge impedance at: would be of the order 


of 40 ohms, compared with about 400 ohms for the overhead line. 

98. Spacing of Lightning Arresters.——A reasonable distance 
must be allowed between the live metal parts of arresters placed 
side by side; the following limiting distances are suggested for 
guidance in installing lightning arresters, such as those of the 
horn gap type where large ares may be formed and blown or 
drawn from one element to another. These distances may be 
reduced if suitable partitions are provided between the arresters. 


Potential difference, volts Separation, in, 
ETS: ok ke ee en FON ee ete a! 24 
oO a ed a8 eee ey en ets ee 32 
POM ete cd ONC Agua! nt per tea Pale aes 42 
OOM ee Et ie Ne pte Rin eh ee 50 
COU ER MOE Ge ton ety ne aed SA ee a 66 
CELINA ER gt der Cte aries ac REN © 84 
TOO ORE TR COS,, cote t tpt Re can hn con eee A! 108 


99. Choke Coils.—When a lightning arrester is connected be- 
tween line and ground in or near generating or substations for the 
purpose of providing a path to ground for high-frequency surges, 
an inductive reactance is placed in series with the apparatus to 
be protected. This reactance must not be so great as to cause a 
serious drop in pressure when carrying the normal line current, 
neither must it be so small as to allow the induced charges 
travelling along the line to pass through it rather than jump the air 
gap of the lightning arrester. This reactance usually takes the 
form of an air-insulated coil of copper wire or rod, supported at 
each end on a suitable insulator. The “hour glass”’ form of coil, 
in which the diameter of the turns increases from the center to- 
ward both ends, is mechanically stiffer than a cylindrical coil, 
and any are that might be started between adjacent turns has a 
greater tendency to clear itself. The air space between turns is 
usually from 14 in. to 3g in. Too little attention has been given 
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in the past to the proper design and proportioning of choke coils 
for use in conjunction with lightning arresters. It has sometimes 
been argued that, except for the drop of pressure under working 
conditions, and the higher cost, there is no objection to installing 
very large choke coils having a high inductance. This argument 
is, however, incorrect, except for the special case in which some 
protection against surges is provided on the machine side of the 
reactance in addition to the lightning arresters on the line side. 
A high reactance may be quite satisfactory if it is merely in- 
tended to hold back high-frequency currents travelling along the 
line; but surges may originate near the generators or transformers 
due to switching operations or other causes, and a very high 
reactance between the electrical plant and the line will tend to 
aggravate the effect of comparatively low-frequency surges 
which might otherwise be dissipated in the line, or even through 
the lightning arrester. In fact, choke coils should be designed 
with due regard to the apparatus they are intended to protect, 
with a view to avoiding the building up of high voltages at the 
terminals of the generating plant in the event of surges being 
set up in or near the plant itself. When the lightning arrester 
discharges, it does not follow that high-frequency waves do not 
find their way through the choke coil to the machines; but the 
inductance of the choke coil will lower the frequency ‘of such 
waves; or, in other words, will reduce the steepness of the wave 
front to such an extent that the insulation of the machines will 
not be injured. ‘The first few turns of a transformer or generator 
winding will act as a choke coil and usually prevent damage to 
the turns farther removed from the terminals; but they are lable 
themselves to suffer injury, as the charge will leap across the in- 
sulation and so get to ground. Ifit is assumed that the reactance 
of the first six turns of a transformer winding is sufficient to afford 
protection to the seventh and subsequent turns of the winding, 
then a choke coil having a reactance equal to that of the six 
turns of transformer winding will afford the necessary protection 
to the transformer. <A higher reactance in series is unnecessary 
and may be dangerous. 

The tendency among engineers is apparently toward the use 
of choke coils of too great reactance. As an example of what 
appears to be generally sufficient to afford reasonable protection 
to modern machinery, about 25 turns of copper rod wound into a 
coil 10 in. in diameter may be used on voltages from 10,000 to 

13 
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25,000, while for pressures of the order of 100,000 volts, two such 
coils would be connected in series. The diameter of the copper 
rod would depend upon the current to be carried; but it is best 
to have it large enough in all cases to be self-supporting, although 
coils wound on insulating frames, with separating pieces between 
turns, are not necessarily objectionable. 

It is possible that copper is generally used for choke coils be- 
cause the calculation of the reactance at various frequencies 
is more easily made than in the case of a ‘‘magnetic” material, 
such as iron; but the cost can be reduced by using iron bar or 
strip in place of copper, and a peculiarity of the iron choke coil 
is its property of passing currents of normal frequency with com- 
paratively small loss of pressure, while the choking effect with 
high-frequency currents is very much greater. 

100. Arcing Ground Suppressor.—If any one conductor of 
a transmission system is connected to ground through an are 
such as might occur over an insulator in the event of a rise of 
pressure due to any cause, there is the possibility of the arc 
continuing during an appreciable length of time, sufficient to’ do 
serious damage to the insulator, even if it should not totally 
destroy it. Apart from this danger, every intermittent are is 
lable to set up dangerous high-frequency surges in the line, 
especially at the moment when it is finally interrupted. To 
protect a line against troubles due to this cause, a device known 
as the arcing ground suppressor has been introduced. This is 
an automatic device for momentarily short-circuiting the are 
through a switch. By providing a metallic connection between 
the conductor and ground, the are is suppressed, and it will 
usually not re-form when the switch is again opened, because 
the air in the path of the are has had time to cool, and the line 
pressure, which was sufficiently high to maintain the are once 
started, is not able to break down the insulation of the new layers 
of cooler air. The arcing ground suppressor was fully described in 
the Proceedings A. I. E. E. of March, 1911,! but the diagram, Fig. 
72 will explain the principle of its action. Automatic switches 
are provided which will connect any one conductor to ground dur- 
ing the very short time necessary to allow the are to clear itself. 
The principal feature of the device is the selective relay which 

1“Protection of Electrical Transmission Lines,” by E. E. F. Creighton, 
Trans. A. I. Ei. E., vol. xxx p. 257. Refer also to article by R. A. Marvin in 
the General Electric Review, March, 1913. 
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will energize the solenoid operating the switch on the faulty 
line. On high-pressure systems, this relay may be of the elec- 
trostatic type, generally on the principle of the electrostatic 
ground indicator. On comparatively low-pressure transmissions, 
the forces would be too low to operate such a device satisfactorily, 
and recourse is then had to an electromagnetic relay worked 
through transformers. There are no difficulties or new  prin- 
ciples involved in the design of such a relay. When the relay op- 
erates, the switch between line and ground is momentarily closed. 
On re-opening, a suitable resistance is inserted before the final 
break, to prevent the creation of oscillating currents in the line. 


Arcing Ground 


Selective 


Relay 


Non-inductive 
Resistance 


Fic. 72.—Diagram of arcing ground suppressor. 


101. General Remarks on Lightning Protection—The best 
means to adopt for the protection of any particular line or portion 
of a line against lightning disturbances is still largely a matter of 
conjecture, but by the exercise of sound judgment, an experi- 
enced engineer should be able to provide reasonable protection 
against discontinuity of service during atmospheric disturbances. 
There are many devices to choose from, each of which has a par- 
ticular field of usefulness. Itis probable that, in a few years’ time, 
the additional information on this subject which is continually be- 
ing accumulated, will lead to uniformity in the protective arrange- 
ments adopted under the various conditions arising in practice. 
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In the meanwhile, however, a careful record of all accidents due 
to lightning or abnormal pressure rises should be kept in connec- 
tion with each power system with overhead transmission, as this 
will generally lead, after careful investigation, to certain amplifi- 
cations or modifications of the existing protective arrangements 
such as to prevent the repetition of similar accidents. In this 
manner, very fair protection can be afforded at the present day 
to almost any overhead transmission system; but it is doubtful 
if it will ever be possible to protect apparatus against a direct 
lightning stroke. Damage to machinery, due to this cause, is, 
however, very rare. 

In regard to the protection of the line itself, it is obvious that 
protective devices, however complete or perfect they may be, 
provided at the two ends of a long transmission, afford no protec- 
tion to the insulators along the line. The frequently grounded 
guard wire would appear to be a good protection to a line; but here 
again the engineer must use his judgment, because certain por- 
tions of a line may require far more protection than other por- 
tions, and even if the cost of guard-wire protection be considered 
excessive for the entire length of a long-distance transmission, it 
may yet be a decided advantage to provide guard-wire protection 
near the generating and transforming stations and on those parts 
of the line most likely to be affected by atmospheric disturbances. 

In some cases, it may be wise to improve the insulation and 
to raise the voltage at which a “spill over” will occur; while 
under other circumstances it might be better to provide an easy 
path for a discharge over insulators, by means of suitably disposed 
arcing rings or equivalent arrangement. Mr. P. H. Thomas once 
explained the matter of line insulation by making use of a very 
simple analogy. Where a discharge strikes the line, a wave starts 
and the potential of this wave will be such as can be allowed 
by the line itself; the energy of the discharge is limited by the 
static capacity of the line and the voltage at which a “spill 
over’”’ will occur at the insulators. The energy of the travelling 
waves ‘‘grows less and less as they proceed. This action may be 
likened to the formation of a wave in a long, narrow trough 
with high sides containing water and normally less than half full, 
by sudden flooding of the trough by a large quantity of water at 
some particular point; the excess water spills over and escapes 
from the trough at the point of the flooding, but there is still a 
wave started in each direction as high as the sides of the trough 
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will permit; this passes along until the end is reached or the energy 
of the wave is gradually dissipated. It makes no difference how 
much water is thrown into the trough, there can be a wave only 
as high as the sides will permit.” 

One point that is sometimes overlooked is the effect of the line 
current on pressure disturbances. The disturbances that are set 
up by switching operations or by power ares following a light- 
ning discharge, will be far more serious when the current is large 
than when it is small. This is one reason why extra high-tension 
transmissions suffer less from lightning disturbances than moder- 
ate voltage systems on which the current is often larger. It is 
hardly an exaggeration to say that the handling of heavy cur- 
rents on long distance transmissions presents more engineering 
difficulties than insulation problems on the high-voltage schemes. 

Very high-voltage transmission lines may, indeed, operate satis- 
factorily without lightning protection, especially when working 
at pressures near the critical voltage of the corona formation, and 
some relief to high-pressure energy is afforded by the corona 
itself. Low-pressure lines, working at about 10,000 volts are 
usually far less exposed. than the high-pressure lines, and the — 
low-pressure lightning arresters are rather more effective than 
those for the higher pressures. Such lines do not give so much 
trouble as those working at voltages between 30,000 and 80,000. 

It will be gathered from the foregoing remarks that not only the 
pressure of transmission, but the amount of power transmitted, 
is an important factor in the problem of lightning protection. 

Without attempting a detailed analysis of the troubles due to 
switching operations, it may be stated that, as a general rule, it 
will be best to energize a dead line of considerable length by first 
connecting to the line the step-down transformers at the distant 
or receiving end, and then switching the step-up transformers at 
the generating end on to the low-tension bus-bars. 

It is possible that the near future may see some developments 
in the matter of facilitating the dissipation of high-frequency 
energy in the line itself, with the object of rapidly limiting the 
amplitude of the travelling waves and the distance from the 
center of disturbance at which their effects can be of practical 
account. It is obvious that. what is required is a line that will 
transmit, without undue loss, the power currents at normal fre- 
quency, and yet afford means for the rapid dissipation of high- 
frequency energy. Apart from the property peculiar to the 
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corona, which leads to the dissipation of energy on over-voltages, 
there is a property common to all metallic circuits which leads 
to the more rapid dissipation of high-frequency than of low-fre- 
quency energy. The so-called ‘skin effect’? which apparently 
increases the resistance of a conductor carrying alternating or 
fluctuating currents, owing to the forcing of the current toward 
the outside portions of the wire at the higher frequencies, is 
clearly of value in limiting the distance over which high-fre- 
quency disturbances are propagated. By covering the conductor 
with a thin layer of high-resistance metal, astonishing results can 
be obtained. Experiments made with wires having a coating 
of nickel only 0.07 mm. thick, showed that the resistance offered 
to currents of 300,000 cycles per second was four times the re- 
sistance offered by the same wires without the coating of high 
resistance metal. This was referred to by Mr. Gino Campos at 
the Turin International Electrical Congress of 1911. 

In conclusion, it would seem that much may be accomplished 
by a careful study of local conditions, and by the intelligent 
selection of such protective apparatus as may be available. On 
the other hand, it is not improbable that the coming years will 
see fewer rather than more protective devices than are now used. 
Careful design of the line as a whole, with the provision of suitable 
choke coils at the ends, or the special insulations of the end 
turns of the transformer windings to withstand very much 
higher pressures between turns than the remainder of the high- 
tension winding, will frequently be all that is necessary. Even 
if the installation of costly apparatus may slightly decrease the 
risk of damage by lightning, the economic aspects of the problem 
should be carefully considered before deciding to provide the 
additional protection. On low and medium voltage systems, 
the extra expenditure on a few hundred feet of underground cable 
between the terminals of the overhead line and the transformers 
or h.t. bus-bars, will generally be justified; while an improved 
system of grounded guard wires near the terminals of extra 
high-pressure lines will tend to keep the original disturbance at a 
safe distance from the station apparatus. 

For comparatively low voltages the use of condensers appears 
to be justified; but they are always costly, and it is questionable 
whether the money invested in them might not with advantage 
be spent on improved insulation, especially in the immediate 
vicinity of the terminal apparatus. 


CHAPTER VII 


TRANSMISSION OF ENERGY BY UNDERGROUND 
CABLES 


102. Introductory.—The principal use of underground electric 
cables is in connection with distributing systems in cities, at 
comparatively low pressures; but they are also used, to a limited 
extent, for the transmission of energy at fairly high voltages. 
In this chapter, underground cables will be considered chiefly 
in relation to straight long-distance transmission of energy, and 
what follows will therefore treat mainly of power cables for the 
transmission of energy at high voltages. No attempt will be 
made to deal with the historical aspect of the subject, or with the 
practical considerations connected with the handling, laying, and 
jointing of underground cables; but the construction engineer 
and the student desiring more information than can be contained 
in a single chapter, are referred to the many other writings on 
this subject, including the excellent book on “Underground 
Transmission” by Mr. E. B. Meyer.? 

Notwithstanding the higher cost of underground transmission, 
it replaces overhead transmission—for comparatively short 
distances—in many cases where the latter system is not suitable. 
High-tension underground cables are used in populous districts 
where overhead construction is not permissible or advisable. 
The underground cable is not subject to damage by wind, ice, 
or thunderstorms, and the danger to life is obviously reduced by 
placing the high-voltage conductors underground. The un- 
sightly appearance of poles and overhead conductors in the 
neighborhood of cities is another reason for putting wires under 
ground, notwithstanding the increase of cost. This consideration 
has more weight in Europe than in America and partly accounts 
for the fact that Europe is, and always has been, somewhat in 
advance of America in the design and manufacture of under- 
ground electric cables. The shorter distance of transmission, 


1“Underground Transmission and Distribution,” by E. B. Meyer. 


McGraw-Hill Book Co. (1916). 
199 


200 | ELECTRIC POWER TRANSMISSION 


resulting in lower economical pressures on the Old World systems, 
is another reason why underground power cables are more exten- 
sively used in Europe than on the American continent. The 
writer has therefore no hesitation in using data and other infor- 
mation referring mainly to modern British practice, especially 
since he has been able to secure the collaboration of Mr. C. J. 
Beaver, chief engineer to Messrs. W. T. Glover and Co. of Man- 
chester, England. Mr. Beaver has not only furnished much use- 
ful advice and material for this chapter, but he has also kindly 
consented to read and correct the manuscript. 

Even when it is inadvisable to transmit by underground cable 
the whole distance of transmission, sections of the line passing 
through populous districts may be put underground, while over- 
head conductors are used in the open country. Also, as men- 
tioned in the preceding chapter, a short length of underground 
cable is desirable as a protection against high-pressure surges, 
at each end of a long overhead transmission line, provided the 
voltage is not so high as to render the cost prohibitive. 

Another use for insulated cables is as feeders on electric railway 
systems. In the trunk-line electrification of the New York 
Central Railroad, there are no less than 1,600,000 duct-feet of 
conduit for insulated feeder cables, some of which are of tile, 
the balance consisting of iron pipe. 

The Thury system of transmission by continuous currents, 
which is explained in the succeeding chapter, lends itself to the 
extensive use of underground cables. Smaller and cheaper 
cables may be used for the same voltage and energy transmitted 
on a D.C. than on an A.C. transmission. Mr. J. 8. Highfield 
has shown! that if the overall diameter of a 100,000 volt single- 
core lead-covered cable for alternating currents is 3.27 in., the 
equivalent cable for 100,000 volts continuous current would have 
an outside diameter of only 1.75 in. It is true that the compari- 
son is between the r.m.s. values and not the maximum values of 
the voltage; but it serves to show that a considerable reduction 
of size—and therefore of cost—is effected when cables are used 
on D.C. instead of A. C. systems. 

103. Submarine Power Cables.—When transmitting electric 
energy across water which cannot be spanned by overhead 
conductors, the insulated cable becomes a necessity. Two 


1 Discussion of Mr. Beaver’s paper on “Cables,” Jour. Inst. E. E., vol. 
53, Dec. 15, 1914 and Mar. 1, 1915. 
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examples of submarine power transmission occur in San Fran- 
cisco, where a three-phase 12,000-volt cable 18,800 feet long has 
been laid across the bay, and two 11,000-volt cables have been 
laid across the Golden Gate. The carrying out of the latter 
project is described in the Electrical World of March 4, 1916 
(Vol. 67, No. 10, p. 532). The greatest depth of water at this 
point is 210 feet. The cables are 3-core, each 13,500 feet long, 
the cores being insulated with rubber (inside) and varnished 
cambric (outside). Impregnated jute is used as a filler. The 
lead sheath is 59 in. thick, and the armoring consists of 42 No. 
4 B.W.G. galvanized steel wires. The deep water portion of 
the cable has cores of 250,000 circ. mil section, with an outside 
diameter of 4 in., and a weight of 19 lb. per foot. At the shore 
ends, the cores are of 350,000 cire. mil section, with an overall 
diameter of 41% in. and a weight per foot of 22 lb. 

In Germany there is the Stralsund channel project transmitting 
three-phase power at 15,000 volts from the generating station 
at Stralsund to the island of Riigen, the total length of submarine 
cable being 5600 feet. Another example occurs in the straits 
between the mainland and the island of Fehmern, where two 
3300-foot lengths of lead-covered, iron wire armored, paper- 
insulated 11,000-volt cables are laid under water. 

The most important existing submarine power transmission 
is the international cable between Sweden and Denmark, which 
was put into operation in December, 1915. It is 3.4 miles long 
and connects a point near Palsj6 in Sweden with Marienlyst 
in Denmark. The cable is three-core with impregnated paper 
insulation suitable for a working pressure of 35,000 volts (test 
pressure 87,500 volts). The cross-section of each core is 0.108 
sq. in. and steel wire armoring is applied over the lead sheath. 
The greatest depth of the Oresund at the point traversed by the 
cable does not exceed 125 feet. The cable was laid in nine lengths 
of about 2000 feet. 

104. Voltage Limitations of Underground Cables.—Trans- 
- mission and distribution by underground cables with alternating 
currents at 20,000 and 22,000 volts is not at all uncommon; but 
there are not many instances of higher voltage cable systems at the 
present day. Various schemes are in progress or in contempla- 
tion in England for linking up separate systems or parts of 
systems at pressures from 30,000 to 60,000 volts. A few years 
ago an extensive system of 30,000 volt three-phase cables was 
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laid in Berlin, following the experience gained in England with 
20,000 volts. There are a few short lengths of 40,000-volt three- 
core three-phase cables in France, and this is probably the high- 
est working voltage applied to three-core cables at the present 
time. The difficulties—apart from high cost—in the way of in- 
creasing the pressure limit, include heavy capacity currents and 
large dielectric losses, the latter being ‘“‘all day” losses like the 
iron losses of distributing transformers. The size, or diameter 
over the lead sheathing, must not be overlooked; a high-tension 
cable with an outside diameter much in excess of 4 to 414 in. 
would not only be difficult to handle, but would be lable to 
injury while being laid in position unless precautions were taken to 
avoid sharp bends and mechanical injury during the process of 
laying. 

It seems nevertheless probable that the conclusion of the war 
will see important developments in high-voltage cable transmis- 
sion, notably in connection with electric railways in Switzerland 
and elsewhere on the continent of Europe, where power cables 
may be used for pressures up to 80,000 and even 100,000 volts, 
and of sufficient size to transmit from 10,000 to 20,000 k.v.a. 
per cable. In this connection it should perhaps be pointed out 
that the much advertised 60,000-volt underground transmission 
for supplying single-phase power to the Dessau-Bitterfeld rail- 
road in Germany from the power station at Muldenstein, employs 
30,000-volt single-core cables, the middle point of the 60,000-volt 
system being grounded through a resistance at the generating 
station. The use of single-core cables in this manner entails the 
use of costly methods of laying, because it precludes armoring 
(owing to the excessive losses that would occur), and necessi- 
tates insulation between the lead sheaths and ground. The 
feature of chief interest from the cable maker’s point of view is 
the employment in these cables of aluminum in place of copper 
conductors, the object being to reduce the voltage gradient at the 
surface of the conductor. This point will be referred to again 
later. 

105. Types and Construction of Power Cables.—For the trans- 
mission of three-phase alternating currents, three-core cables 
may be used for pressures up to about 60,000 volts. When the 
pressure exceeds this figure, a separate single-core cable should 
be used for each phase. These separate cables of an extra high- 
tension three-phase transmission should be symmetrically ar- 
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ranged with a small amount of insulation between the lead sheath 
and ground. Steel armored single-core cables are inadmissible 
for alternating currents because of the inductive effects. 

The lead sheathing referred to is a necessity because impreg- 
nated paper is practically the only material at present available 
for the insulation of e.h.t. underground cables. It is somewhat 
hygroscopic in character, and the protection of the lead covering 
is therefore provided. Fig. 73 shows a section through a three- 
core 30,000-volt paper-insulated underground cable, while Fig. 
74 shows one of three separate cables designed for a working 
pressure of 173,000 volts between phases. This cable is provided 


Lead 


Paper 


Via. 73.—Three-core 30 kv. lead covered cable. 


with a so-called ‘‘inter-sheath”’ of lead, the purpose of which 
is to improve the design by reducing the potential gradient at 
the surface of the conductor. The theory of this method will be 
discussed later. 

The ‘clover leaf”? or sector type of three-core cable is illus- 
trated in Fig. 75. This design permits of a smaller overall 
diameter for a given voltage and so leads to a saving in cost; 
but it is rarely used for pressures exceeding 20,000 volts. The 
sector shape of cross-section is obtained by specially stranding 
wires of suitably varied diameters, or by rolling or hammering 
a circular strand to the desired shape. This construction was 
introduced in Europe many years before it was adopted in 
America; but British practice does not favor the use of sector- 

1From Mr. C. J. Beaver’s paper on ‘‘Cables” in the Jour. Inst. E, E., 
vole 55, Wec, 15; LOMA. 


204 ELECTRIC POWER TRANSMISSION 


shaped cores in three-phase cables for working pressures exceeding 


11,000 or 12,000 volts. 
Concentric cables are used for single-phase transmissions and 


Radial thickness. Radius. 


Conductor.—Inner lead tube—bore 0.27 in. ......... 0.060 in. 0.195 in. 
Copper wires 19/15'S.W Go. 6 ela. os < 0.072 "5 0.267 ‘ 
Outéerilerditube wee eee tec we 0.050 ‘* 0317s 

Dielectric.—First paper layer...........:.s.+se0s. 0.545 “* 0.862 ‘ 

Wéadminter-sheatin stusq vpceete nets tes Geter 0.050 ‘* 0.912 * 

Second paper layer.......0....s+-+-0s 0.565 “* AT Gee 

Outer sheath.—Lead covering............00.00ee0e00'% 0.160 ‘f 1.637“ 
Complete diameter............ 3.27 in. 


Fie. 74.—Section through single-phase 173 kv. paper-insulated cable, with 
lead “‘inter-sheath.’’ 


are therefore practically confined to railway work. Fig. 76 
is a section through such a cable, the return conductor being in 
the form of a layer of segmental strips laid over the insulation sur- 


Fic. 75.—Three-core cable with shaped cores. 


rounding the inner core. When this outer conductor is grounded 
—as it usually is—the arrangement is very satisfactory and 
efficient. Concentric cables are simple to construct, and even 
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when used with alternating currents, they can be armored and 
therefore buried directly in the ground, thus facilitating the dis- 
sipation of heat which is easily carried from the outer conductor 
to the lead sheath and armor. 

There are two methods of manufacturing paper-insulated 
cables. In both methods a roll of paper is cut into narrow rib- 
bons which are lapped on the copper conductor in successive 
layers until the required thickness is attained. In one method 
the paper is put on dry and the whole cable is immersed in the 
insulating oil. In the other, the impregnation is effected by 
passing the paper, before it is cut into ribbons, through a bath 
of the insulating oil. This last method, which was evolved and 


Fig. 76.—Section through concentric cable for single-phase transmission. 


has been used for the last twenty years by Messrs. W. T. Glover 
and Co. of Manchester, England, appears to have the advantage 
of more certain and thorough impregnation of the insulation. 
With paper insulation the lead sheath must be very carefully 
applied to ensure the absence of flaws and “pin holes” through 
which moisture might be admitted. The lead sheathing is 
applied by passing the insulated cable through dies in a hydraulic 
press which forces hot lead in a semi-fluid condition around the 
slowly moving cable, thus forming a closely fitting lead cylinder 
on the outside of the insulation. It is the practice of one English 
factory to apply a hydraulic test to the finished cables in order 
to detect the presence of imperfections in the lead covering, 
by forcing water into the dielectric so that its presence may be 
detected before the cable leaves the factory. It is partly in order 
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to facilitate such testing that the same firm employs a metallic 
test sheath! enclosed in the cable, and lightly insulated from the 
lead covering. This lead sheath is also useful for maintenance 
tests, fault localization, the detection of incipient faults on 
live cables, and for use in connection with special protective 
devices (Br. Pat. 13681/17 Beaver, Richards, and Claremont.) ? 

Insulating Materials Other Than Insulated Paper.—The reason 
why reference has not previously been made to vulcanized 
rubber and vulcanized bitumen as materials for cable insulation 
is not because these are not in general use, but because they are 
not so suitable as paper for e.h.t. power cables. Vulcanized 
bitumen as an insulator appears to have met with greater success 
in Europe than in America. It is a substance of which the 
physical properties are somewhat similar to those of vulcanized 
rubber. Cables insulated with vulcanized bitumen (without 
lead sheathing) have a special field of utility in mining work, 
where they are used not only as feeders to carry the electric 
energy down the shaft, but also as distributors under ground. 
The results of a very complete investigation of the properties of 
this material will be found in Mr. Beaver’s Institution Paper 
on ‘Cables’ previously referred to. 

A type of insulation which is largely used in America is var- 
nished cambric, or varnished cloth. The prepared cloth is 
applied to the conductor in the form of tape, a thin layer of a 
non-hardening viscous filler being applied between the layers to 
ensure flexibility by permitting relative movement of the layers. 
Since it is customary to provide a lead sheath over power cables 
insulated with varnished cambric, there is no economic advantage 
in using this material as a substitute for paper. 

106. Methods of Laying Underground Cables,—The present- 
day methods of laying underground cables may be classified 
under three headings: 

1. Laid direct in the ground (armored cables). 

2. Drawn into weldless steel tubes, stoneware ducts, or 
fiber ducts in concrete. 

3. Laid solid in wood, cast iron, or special asphalt troughing 
(this last is a patented system known as the Howard 
asphalt troughing). 

1 British patent No. 22355/12, Beaver and Claremont. 

2 Particulars of the test sheath cable and its potentialities will be found 
in The Electrician (London) of July 5, 1918. 
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The first-mentioned system is usually adopted for cross-country 
runs; the second, in congested areas where streets cannot be 
disturbed and where facilities for adding to the number of cables 
are desired. The third system may be adopted where occasional 
disturbance of the street is not a matter of great importance, 
or where chemical protection for the cable is desirable on account 
of soil conditions or other causes. 

When lead-covered and armored cables are laid direct in the 
ground, it is customary to place a wooden board over the cable 
to act as a warning to workmen and so protect the cable in the 
event ot the ground surface being disturbed after the cable has 
been laid. 

The drawing-in system is the one most commonly adopted at 
the present time. The ducts for the cables may be ‘tile or fiber 
set in concrete, or they may consist of wrought-iron pipes. 

Tile or stoneware conduits can be supplied single-way or 
multiple-way. The opening is usually 3!% in. square when 
used for distributing purposes in or near cities. The inside 
corners are well rounded, and the outside dimensions are approxi- 
mately as follows: 


Dingle=wiave GUC Vemmpaerts aye ee ne ae 5in. by 5 in. by 18 in. long. 
EW.O=W.al Va LUG Ummm mtt icc: co = cee ae eae 5in. by 9 in. by 24 in. long. 
MbTeC=waveGllctrraanee sits stecn aoe sk 5 in. by 13 in. by 24 in. long. 
HOUT=WAVZCUCURMP Norte tee eueian a 9 in. by 9 in. by 36 in. long. 
SOSA, Olio cococsconaseasun saaro. Mulimg leony teaiabiis loyiecoiss sane Moya. 


These ducts are set in concrete forming a wall about 3 in. thick 
on all four sides. 

Fiber conduits are light in weight and easy to handle. They 
are cylindrical pipes made of wood pulp saturated with an asphalt 
or bituminous compound containing a small amount of creosote, 
and are usually supplied in 5-ft. lengths. 

Iron pipes are useful when slight bends to clear obstructions 
are of frequent occurrence. These can be supplied in 20-ft. 
lengths with threaded ends and couplings. 

In all cases, the internal width of the duct should allow not less 
than 14-in. clearance for the largest cable to be drawn into it. 

Mi lbles must be provided at intervals of 300 to 500 feet, 
the latter distance being rarely exceeded, as it represents the 
practical length of cable of large size which can be drawn into an 
underground duct without injury. The manholes, if required 
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merely for drawing-in purposes and for joints (apart from the 
installation of transformers or other apparatus), should measure 
about 7 ft. x 6 ft. X 6 ft. high. If the construction permits 
of an arched roof, the walls might be about 5 ft. high with a 
total head room at center of about 7 ft. The floor should be 
above the sewer level, and proper arrangements provided for 
drainage and ventilation. If transformers are placed in man- 
holes, a space of about 4.5 cubic feet per k.v.a.should be provided. 
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Fie. 77.—Section through three-core cable laid in Howard asphalt troughing. 


Fig. 77 is a section showing cables in the Howard asphalt 
troughing.!. The chief advantages claimed for this system are 
imperviousness, chemical inertness, ductility, ease of repair, 
electric insulation, and excellent dissipation of heat by conduc- 
tion. In the latter respect it has the advantage over all other 
troughing systems, and compares favorably with armored 
cables laid directly in the ground.? 

107. Costs of Underground Transmission Lines.—The cost of 
underground systems of transmission varies greatly with the 
Pie ie patents 5945, 5946, 5947/06, Stratton, Claremont, Beaver, 

anner., 


2See Beaver, Jour, I, E, E., vol. 47, p. 747 (1911). 
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type of construction, the nature of the ground, the road surface, 
conditions of transport, labor facilities, etc.; but the following 
figures should be useful as a rough indication of probable cost, 
and they may be used for preliminary estimates when reliable 
figures, based on the specific conditions and requirements, 
are not available. 


Cost per 
mile per 
cable 
1. Laid direct. 
Cable laid direct in the ground and covered with a tarred 
WEDS OAT conan ween een er J, ele an $2200.00 
2. Drawn in. 
Cable drawn into weldless steel tubes................. $6000.00 
Cable drawn into stoneware ducts.................... $3200.00 
Cable drawn into fiber tubes laid in concrete.......... $4500.00 
3. Laid solid. 
Cable laid solid in Howard Asphalt trough, complete 
with bitumen and asphaltic concrete............... $4200 .00 
Cable laid solid in wood troughing with wood covers, 
Commpletenwat mabiutina CTie yee estan ear ester ea $4500.00 
Cable laid solid in cast iron troughing with tile covers, 
completenwathapibumen yaa nine eee eet sree: $6200.00 


The troughing and ducts above referred to allow for suitable 
clearances for cables of about 4 in. diameter. These costs are 
based on the assumption that not less than six cables are laid at 
a time in the case of systems (1) and (3), and not less than twelve 
duct-ways in the case of (2). 

In order to arrive at the total cost of a given system of under- 
ground transmission, the cost of cables must be added to that 
of the conduit. It is obviously impossible to give close prices, 
and quotations for cables should always, if possible, be obtained 
from the manufacturers; but the prices here given will serve as a 
rough indication which will often determine whether or not it 
will be worth while proceeding further in the matter of a proposed 
undertaking. 

The ducts and troughs for which costs have been given would 
be capable of accommodating cables of the approximate carrying 
capacities as listed in the following table. 

The expression “voltage graded”’ as here used refers to the 
system of providing metallic layers between sections of the 
insulation with a view to economy of size and cost, in the 


manner which will be explained later. 
14 
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Approxi- | Approxi- 
System Type of cable Workang Wrceetse, Kilowatts geeG eee 
per cable | per kw. 
3-phase 3-core 33 15,000 | $12,000 | $0.80 
3-phase 3-core 66 20,000 13,500 | 0.675 
3-phase Single core | 175 per phase; | 40,000 15,000 | 0.375 
100 to ground | per core 
(voltage-graded) 
Single phase | Concentric 100 30,000 12,000 | 0.40 
(grounded | (voltage-graded) 
outer) 


a ci rere Ee ah Re ne 
Notre.—Single wire armoring and jute serving for laying direct in the 
ground would add approximately 30 per cent. to the above figures of cost. 


Cable Moulding 


D Diameter Depends on 
Size of Cable Installed 


Fie. 


Cable Protected 
with Wood Moulding 
See Detail A 


i | Cable Bell ye 
Ii] See Details i 
Bandc i} 


: ie Pipe 


78.—Junction between underground and overhead conductors. 
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108. Cable Terminals. Junction with Overhead Lines.—The 
connection between overhead wires and underground cables must 
be made with great care to avoid trouble at this point. The 
ends to be attained and the precautions to be taken are fairly 
obvious, and the engineering difficulties may readily be overcome. 
Each particular case should be considered as a special problem, 
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Fig. 79.—Detail of cable ends at junction with overhead line. 


and the proper steps taken to provide adequate insulation and — 
prevent deterioration or damage by water owing to improperly 
sealed joints. 

Fig. 78 shows the terminal pole of an overhead line and the 
methods employed for the protection of the cable. It is repro- 
duced by kind permission of Mr. E. B. Meyer and his publishers 
from “Underground Transmission and Distribution.’ The 
design of the actual terminals or “pot-heads” as they are some- 
times named, variesconsiderably. One form—suitable fora work- 
ing pressure of 11,000 volts, three phase—is shown in Fig. 79 


212 ELECTRIC POWER TRANSMISSION 


which has been reproduced from a drawing kindly supplied by 
Messrs. W. T. Glover & Co. Ltd., Manchester, England. 

109. Design of Cables.—The theory of the Potential Gradient 
at the surface of a wire of radius r surrounded by a concentric 
metallic cylinder of internal radius R has already been discussed 
in Article 76 of Chapter V,in connection with insulating bushings. 
With a dielectric of constant specific inductive capacity through- 
out the total thickness, the maximum potential gradient—which 
occurs at the surface of the inner conductor—is given by formula 
(61): 


Gz R volts per centimeter (61) 
r log, os 

where # stands for the potential difference between the conductor 

and the outside metallic sheath, in volts, and the dimensions are 

expressed in centimeters. This formula is therefore applicable 

to single-core cables with lead sheath, and to the concentric type 

of two-conductor cable. 

The breakdown gradient of paper-insulated cables is about 
200 k.v. per centimeter, and it is advisable not to exceed a figure 
of 120 to 150 k.v. for the guaranteed test pressure. Since the 
test pressure may be as high as 214 times the working pressure, 
the maximum working stress will be of the order of 50 k.v. per 
centimeter. It is quite possible to design practical paper- 
insulated cables for working stresses of 60 to 80 k.v. per cm.; 
but owing to the fact that dielectric heating is likely to be exces- 
sive with these high gradients, from 40 to 50 k.v. per cm. is a 
reasonable maximum. All the voltages here referred to are 
r.m.s. values, and not peak values. 

The Capacity of a single-core cable per centimeter of length is 
the reciprocal of the elastance as given by formula (59), whence 


: : 2rKk 
‘Capacity per centimeter = = farads (79) 


log. — 
Be on 


where k is the relative inductive capacity or dielectric constant 
of the insulating material, the value of k for air being unity. 
The numerical value of K, as given in Article 72 of Chapter V, 
is 8.84 X 107-4, and since there are 161,000 centimeters in a 
mile, the capacity per mile of single-core cable, in microfarads, is 
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_ 161000 X 27 X 8.84 X 10° X k 
10" X log, (“) 


r 


Cm 


= 0.0896 ao 


= 0.0383 —_—" 


aN (80) 


logio ae 
mano er 


Approximate values of k which apply to materials used for 
cable insulation are: . 
k = 3.3 for impregnated paper. 
k = 4.2 for varnished cambric. 
k = 4.5 for vulcanized bitumen. 
k = 3 to 6 for vulcanized india-rubber. 


l| 


The. permittivity, or relative specific inductive capacity (k) 
will depend somewhat upon the temperature of the dielectric. 
The effect of the higher temperatures in increasing the value of 
k being greatest for varnished cambric insulation. The above 
values are averages for normal working temperatures. 

The formula for the Insulation Resistance of a single-core 
cable is obtained as follows: 

Let p stand for the resistivity, or specific resistance, of the 
dielectric, in megohms. It is the electrical resistance of one 
centimeter cube of the cable insulation. Considering the insula- 
tion resistance of a length of cable 7 centimeters long to be the 
sum of the resistances of successive concentric layers of insula- 
tion, we may write, 


dk; = p—=— 


where dx is the length, and (27al) the area, of a cylindrical 
element of radius x and length 1. Whence 


ea ie 

: 2Qrl | 

we K 

Ol loge (=) ey 


Let R; stand for the insulation resistance, in megohms, of one 
mile of cable; then! = 161,000 cm.; and if we convert the natural 
into common logarithms, we get: 
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R; (of one mile) = 2.28 & 10-° X p logio ) megohms (82) 


Some average values of p are: 

For impregnated paper, p = 8 X 10° 

For varnished cambric, p = 3 X 10° to 5 X 108 
For vulcanized bitumen, p = 2.4 « 10% 


ee a0: 
For vulcanized india-rubber, p = | to 
1-2 410%" 


Temperature has a marked effect on the specific resistance of 
cable insulation, which decreases rapidly with increasing tempera- 
tures. This effect is particularly noticeable with paper insula- 
tion. Vulcanized india-rubber is the material with the best 
temperature characteristics. 

The Reactance of a single-conductor cable without steel 
armoring would be calculated as for bare wires. (refer to Articles 
43, 44, and 45 of Chapter IV) and will depend upon the position 
of the return conductor. Single cables carrying alternating 
currents should not be armored or drawn into iron pipes. 

The reactance of two-conductor concentric cables is usually 
negligible. Formulas for three-core cables are referred to in 
Article 112. 

110. Economical Core Diameter of High-pressure Cables.— 
For a given voltage and constant diameter over the insulation 
of a single-core cable, there is a definite diameter of the core 
which will cause the potential gradient at the conductor surface 
to be a minimum. A small core will allow of a greater thickness 
of insulation; but on the other hand the smaller radius of curva- 
ture will tend to increase the stress; while the effect of too large 
a diameter of core is also to cause an increase in the stress through 
reduction of the total thickness of insulation. Formula (61) 
may be written, 


and if we assume both RF and G to be constant, the greatest maxi- 
mum permissible voltage (#) will be obtained when the quantity 


1 NOD. ;) 38 & maximum, a condition which is satisfied when 


R ; = : 
log, (") =l,or R=2.718r. Assuming this ideal requirement to 
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be fulfilled, even if the inner core has to be made hollow in order 
to economize conductor material, we obtain the relation: 


E 
from which an approximate value of economic conductor radius 
can be obtained. This radius will generally (in high voltage 
cables) be found to be greater than that required to provide 
the necessary cross-section for current carrying purposes, and 
this accounts for the fact that aluminum may prove to be more 
economical than copper as a conductor in high-tension under- 
ground cables. The 30,000-volt cables for the electrification of 
the Dessau-Bitterfeld railway, previously referred to, have cores 
of stranded aluminum 0.512 in. diameter (0.157 sq. in. cross-sec- 


Inner lead tube........... 0.256 in. bore, or 0.140 in. radial. 
Conductornaseu..wiatoteae 24/0.082 in. 

Outer lead sheath......... 0.05 in, radial. 

Complete diameter........ 0.80 in. 


Fic. 80.—Specially constructed core for e.h.t. underground cables. 


tion) covered with impregnated paper of a radial thickness of 
0.512 in. The lead sheath is 0.138 in. thick and it is covered 
with a layer of jute, the overall diameter of the cable being 2.05 
in. By formula (61) the maximum gradient is 

30000 


G = 
0.512 + 0.256 
2.54 X 0.256 loz. ( = he ) 


42,000 volts per centimeter. 


If stranded copper had been used (without a hollow, or non- 
metallic core) the diameter of the core of equivalent current-carry- 
ing capacity would have been about 3¢ in. which, with the same 
thickness of insulation, would cause the maximum gradient to 
be about 48,000 volts per centimeter. 

The application of formula (61) to the calculation of the maxi- 
mum potential gradient in cables with stranded wire cores, 
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gives only approximate results. The comparatively small radius 
of the individual wires will bring about a concentration of stress 
appreciably greater than what would be indicated by formula (61). 
One method of providing a smooth cylindrical surface to the cable 
core is to sheath over the stranded copper core with a thin wall 
of lead. Fig. 80 shows the complete core (without insulation) 
of a high-pressure cable as designed by a British cable factory.! 
In this case the calculated ‘‘economic” radius for a maximum 
gradient of 50,000 volts (r.m.s.) is 0.8 in. and since the conductor 
is of sufficient carrying capacity when made up of 24 copper wires 
of 0.082 in. diameter, these wires are disposed around a hollow 
lead core of the necessary diameter, as shown in the illustration. 

111. Grading of Cables.—The potential gradient at any dis- 
tance x from the center of a single-core cylindrical cable is given 
by formula (58) of Article 76, Chapter V, as 


Pye 
~ QnaKk 


For a given voltage and total capacity of the cable—which 
determine the total dielectric flux Y—it follows that if k is also 
constant, the gradient will have a value inversely proportional 
to the distance (#) from the center of the core. With a view to° 
reducing the outside diameter of the cable, the value of k should 
change continually in successive layers of insulation in order to 
maintain G as nearly as possible at the maximum permissible 
value throughout the thickness of the insulation. In other words, 


P 1 : : ; 
ifke« % the potential gradient will be constant at all parts of the 


dielectric. By varying the nature of insulation in adjacent layers, 
a practical approximation to this condition can be obtained 
—especially with rubber, which can be made in varying qualities 
having markedly different permittivities. It cannot be said, 
however, that the grading of cables by this method—.e, by con- 
trolling the capacities of successive thicknesses of insulation— 
has met with much success in practice, although developments 
along these lines may be looked for when the higher voltages 
for underground transmission become more common. 

Another method of grading cables, which might be described as 
the conducting layer method, gives promise of coming to the front 
as soon as very high voltage cables are in greater demand than 


1 British patent No. 20549/14. 
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they are at present. The principle is somewhat similar to that 
of the condenser type of bushing (see Article 77, Chapter V) 
except that the intermediate metallic cylinders are now all of 
the same length, and the potential gradient is controlled by 
“anchoring” the voltage of these metallic intersheaths. The 
term “voltage grading” might be used to distinguish this method 
from “capacity grading.” The insulation is the same throughout 
the total thickness, but being divided into two or more sections 
by means of metallic cylinders, each section can be made to take 
its proper share of the total potential difference by applying a 
definite voltage from an outside source to the intermediate me- 
tallic sheaths. Various methods of accomplishing the necessary 
distribution and ‘‘anchoring”’ of potential for both D.C. and A.C. 
cables have been patented by Tanner and Claremont.! The 
most obvious way of obtaining the required voltage control on 
an A. C. system is to take tappings from the high voltage side 
of the power transformers for connection to the intermediate 
sheaths. 

112. Three-core Cables.—The formulas for use with three- 
core cables are not so easily developed as those for single-core 
cables, and they are largely empirical, especially when the shape 
of the cores departs from the true circular section. Tables giving 
the approximate inductance and capacity of three-core cables 
may be found in the electrical engineering Handbooks and in 
makers’ catalogues. 

The reactive voltage drop per mile of single conductor of a 
three-core cable may be calculated by means of formula (29) of 
Article 45, Chapter IV, which is correct for the usual frequencies, 
even when the distance (d) between centers of cores is as small 
relatively to the radius (7) of the conductor as in three-core 
underground cables. 

113. Capacity and Charging Current of Three-core Cables.— 
Mathematical formulas for calculating the electrostatic capacities 
of three-core cables are complicated and not very reliable owing 
to certain assumptions having to be made which are not always 
satisfied in a practical cable. The figures relating to capacities 
of cables, as furnished by cable makers, are therefore based on 
test data obtained from the finished cable. 

The capacity between two parallel overhead wires, in micro- 
farads per mile, is 

1 British patents No. 27858/08 and No. 27859/08. 
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0.0194 


Cm (between wires) = (84) 


log — 
and the charging current (r.m.s. value), on the sine-wave 
assumption, Is 
[g= 2rfCnE X10 X E amperes (85) 


where FH is the (r.m.s.) voltage between wires, and L the distance 
of transmission in miles, while d and r in formula (84) stand re- 
spectively for the distance between centers of the conductors 
and the radius of the conductor cross-section. 

If three wires occupy the corners of an equilateral triangle 
the capacity as measured between wires is still given by formula 
(84), and the capacity between wire and neutral will be just 
twice this value, or 


Ce (to neutral a= 


(12) 


as given by formula (12) Article 10, Chapter II. The voltage 


E 
across this imaginary condenser is now /3 instead of Q as it 
WwW 


would be in the case of a single-phase transmission, and the 
charging current per wire of the three-phase system is therefore 
E 

Tee= 2rf a 

as given by formula (13) of Chapter II. In this formula, the 
capacity C,, to neutral is just twice as great as the capacity 
between wires as given by formula (84), whence it follows that 


OO LOX amperes (13) 


the charging current per wire of the three-phase system is a 
NV 
times greater than that of the single-phase system with the same 
spacing and line voltage. 

In overhead systems, the capacity to ground is generally 
negligible; but in a cable transmission with or without lead 
sheath, the condenser formed by the comparatively small thick- 
ness of insulation between conductor and ground must be 
reckoned with. Fig. 81 is a section through a three-core h.t. 
cable with lead sheath. The capacity of each of the imaginary 
condensers shown in the diagram cannot be measured directly; 
but certain measurements can be made on the finished cable, 
from which the necessary data may be obtained. 


TRANSMISSION BY UNDERGROUND CABLES 219 


Let C. stand for the effective equivalent capacity per con- 
ductor to neutral for one mile of cable. Then, since the voltage 
to neutral is V3 the charging current per conductor, on the sine- 
wave assumption, is 

E 
df: = 2rf —= 
V3 


Two measurements of capacity can readily be made on the fin- 
ished cable: 

(a) between one core (1) and the two remaining cores and the 
lead sheath, all connected together (2, 3, S). 

(6) between any two cores, as (1) and (2). 


OR LOe ue amperes. (86) 


Fig. 81.—Diagrammatic representation of electrostatic capacities in three-core 
cable. 


In terms of the imaginary capacities C, and C, of Fig. 81, we 
have: 


1 2 
Capacity (a) = C,+ cae Cate 3 Ce (87) 
Cas 
and ; 
Capacity (b) = 5 (Ce -+.G,,) (88) 


There is no constant ratio between wire to wire capacity and the 
wire to sheath capacity; but, generally speaking, the former 
(b) is from 57 to 68 per cent. of the latter (a). The most usual 
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value is 60 per cent., whence, by equating (88) with 0.6 times (87), 
it follows that C, = C,,. 

The standard test for electrostatic capacity is between one core 
and the two remaining cores grounded to the sheath, namely 
(a) as expressed by formula (87), and since the total capacity 
(C.) per core to neutral is obviously 


Gy == Cy AF (Om (89) 
it follows that the approximate ratio of these two capacities is, 


____ Effective equivalent capacity, core to neutral (C.) 
Measured capacity, one core to the remaining cores and sheath (a) 


14+1)x3 
2 ee =A? (90) 


The measured capacity (a) for 3-core paper-insulated cables 
designed for a working pressure of 10,000 volts will be about 
0.4 microfarad per mile for a 37.983 in, cable, and 0.26 for a 
196.058 in, cable. With shaped instead of circular cores, the 
capacity is slightly greater, being from 1.08 to 1.1 times the 
capacity with circular cores of the same cross-section. 

Calculation of Capacity of Three-core Cables —Although meas- 
ured values of cable capacities are usually obtainable from 
manufacturers, it may be necessary to determine approximately 
the capacity of a cable for a special purpose before it has been 
made. It would seem at first sight from Fig. 81 and the fact 
that C, is found to be approximately equal to C,, that C. would 
be obtained by merely doubling the capacity to neutral as calcu- 
lated by the usual transmission line formulas (see Article 52, 
Chapter IV). It should be observed, however, that the proximity 
of the sheath will modify the distribution of the electrostatic flux 
between core and core, and the imaginary capacity C, of Fig. 81 
is not what it would be if the lead sheath were removed and re- 
placed by a considerable extra thickness of insulation. 

It is found in practice that the capacity of a three-core cable 
with shaped cores, having the same thickness of insulation 
between core and core as between core and sheath, is about the 
same as the capacity of a single-core cable having the same 
conductor cross-section and the same thickness of insulation 
between core and sheath. On this assumption, we can use 
formula (80) of Article 109 for predetermining the probable 
capacity of a three-core cable. 

The value of R in formula (80) is taken as the radius of the 
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conductor plus the thickness of insulation between cores, or 
between core and sheath. If these thicknesses are not exactly 
the same, the mean of the two thicknesses is taken. If the con- 
ductor is not circular in cross-section, the dimension r in the for- 
mula is the radius of a circular core of the same cross-section as 
the actual conductor. 

As an example, let the diameter of each core of a three-core 
paper-insulated cable be 0.58 in., with insulation between cores 
0.38 in. thick, and between core and sheath, 0.30: in. thick. 
Assuming the specific inductive capacity of the insulation to be 
3.3, we have, 


ates 
p= OLA) 
and : 
R = 0.29 + (Ae +o) = 0.63 
whence, 
Capacity (a) = aa =0.38 microfarad per mile. 
loz (559) 


The approximate value of the capacity to neutral, for shaped 
cores, will therefore be, 
C. = 0.38 X 1.2 = 0.456 


and for cores of circular cross-section, 


C. = —— = 0.422 microfarad per mile. 


114. Example of Design of Single-phase Concentric E.H.T. 
Power Cable.—Let the working pressure be 100 k.v. (alternating) 
between the inner and outer conductors. The further assump- 
tion will be made that the maximum stress must not exceed 40 
k.v. (r.m.s.) per centimeter. This is a low value, and 50 k.v. 
would probably be permissible; but the lower figure has been 
chosen in order to provide a large factor of safety and keep the 
dielectric loss (and heating) in the neighborhood of its lowest 
practical limit. . 

Consider first the case of a cable without either “voltage” 
or “capacity” grading. By formula (83) 

E _ 100 
icy 


If a solid core of stranded cable were used, this would correspond 


= [Yj5) iid, 


, 
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to a cross-section of about 214 sq. in. which would certainly be in 
excess of the requirements, and a hollow core, constructed as 
shown in Fig. 80, should be adopted. 

Solving for R in formula (61), we have, 


R 100 
beslba! =a cor ee 
whence 
se ea 1 R-= 6.8 em 
a5 = 2-718, nc == (j. : 


The dimensions of the cable, in inches, would be approximately: 
Diameter over outer conductor = 5.56 in. 
Diameter over lead sheath 5.93. 1n, 
Diameter over armor and jute = 6.6 in. 


l| 


Consider now the alternative of intersheath- or voltage-grading. 
If a pressure of 50 k.v. is maintained on each side of a single 
metallic intersheath, the radius 7 will now be, 
ip = ay = 1.45 Gan 
40 : 
To calculate the radius over the insulation between the inter- 
sheath and the inner conductor, we have 
Toe ( lig ) 3 50 = 
A a5 40 & 1.25 


= 2 1S x2 =o cme 
The radial thickness of the lead intersheath would be about 
0.05 in., or 0.127 cm., whence the outside radius of the inter- 
sheath is r’ = 3.4 + 0.127 = 3.527 cm. Considering this as 
the core of a cable with 50 k.v. across the total thickness of insula- 
tion, and the same maximum voltage gradient as before, we 
have for the radius over the insulation, 


ie 50 


1 


whence 


log. Caer, TOS DEE, 
whence 
fee > 
——| / rs 2 . 
3 594 1.425 and R 5.02 em 


The approximate dimensions of this cable, in inches, would be 
as follows: 
Diameter over outer conductor = 4.08 in. 
Diameter over lead sheath = 4.45 in. 
Diameter over armor and jute = 5.12 in. 
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In order to realize the advantage of this method of erading 
large high-voltage cables, these figures should be compared with - 
those previously calculated for the cable without voltage grading. 

It will be interesting to calculate the charging currents per 
mile of this cable. Assuming the specific inductive capacity of 
the paper insulation to be k = 3.3 as given on page 213, the ca- 
pacity per mile between core and intersheath, by formula (80), 
; 0.0388 X 3.3 
ee ones: 
25 cycles per second, the charging current, on the sine-wave 
assumption, will be 

I, = 27 X 25 X 0.295 X 50000 X 10-* = 2.32 amp. 

Similarly, between the intersheath and the outer conductor, 

we have 


= 9.295 microfarad. If the frequency is 


0.0888 X 3.8 


—— ==) Sac 
Cm log 1.425 0.83 
and 
the, = SRB SK oe = 6.55 amp 
Cc Lae hed 995 wg Paw As c ] . 


The difference between these two values of capacity current 
must obviously be carried by the intersheath, and for every mile 
of cable the values of the charging current would be as follows: 

Inthe core..-. 2. ~ . 282 amp. 
In the intersheath . . . 4.23 amp. 
In the outer conductor . 6.55 amp. 

Thus, if the cable were 10 miles long, the current in the inter- 
sheath—if fed from one end only—would be 42.3 amperes, which 
might be excessive. This is a point which must not be overlooked 
in the design and installation of intersheath cables. 

115. Losses in Underground Cables.—In addition to the 
I?R losses in the conductors, which can easily be calculated, 
some loss occurs in the dielectric of an underground cable. The 
ohmic resistance of the insulation being very high, the losses, 
when a high-tension cable is used on a continuous current circuit, 
are very small; but with alternating currents there is a further 
loss due to dielectric hysteresis, which is proportional to the 
frequency of alternation of the electrostatic field. 

The total charging current in a cable may be considered as 
made up of two components, one being the true capacity current 
of which the phase is exactly 90 degrees in advance of the im- 
pressed e.m.f., the other being the “energy” component in 
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phase with the e.m.f. This last component is relatively small, 
being due to what is known as dielectric hysteresis and not to the 
ohmic resistance of the dielectric, the effect of which is usually 
negligible. The dielectric loss is equal to the product of the 
voltage and the ‘‘energy”’ or in-phase component of the charging 
current. Thus 

Watts lost = e.m.f. X charging current X cos¢g (91) 
where cos ¢ stands for the power factor of the cable. This will 
usually be about 0.03 for paper-insulated power cables, at 
ordinary working temperatures; but, with high temperatures, 
it is very much greater. As a rough indication of the manner in 
which the power factor (and therefore the dielectric loss) in- 
creases with temperature, the following figures may be useful; 
they refer to paper-insulated cables. 


Temperature of insulation, degrees C. Power factor, per cent. 
50 3 tod 
60 5.5 to 10 
70 9 told 
SO 13 to 20 
90 19 to 30 


As an example of how the losses in a cable may be calculated, 
we shall use the data of the numerical example in Article 113. 
The calculated capacity per core to neutral was C, = 0.422 
microfarad per mile. Assuming the voltage between wires 
to be 11,000, the frequency 50, and the distance of transmission 
10 miles, the charging current per core, by formula (86), will be, 


Pi tee UL Ve 
V/3 


CP me el) 


= 8.4 amperes, 
whence the total dielectric loss is seen to be 


W=3x eeza, x 8.4 X 0.03 X 10-3 
V/3 


= 4.8 kilowatts. 


The apparent power required is, however = 160 k.v.a., 


4.8 
70:08 
which is an indication of the size of generator required to keep 
the full voltage on the line when the receiving end is disconnected 


from the load, 
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116. Temperature Rise of Insulated Cables.—The layers of 
insulating material close to the conductors will be hotter than 
those near the surface of the cable; but the difference in tem- 
perature between the conductor and the external surface is not 
easily predetermined. It will depend upon the nature and 
thickness of the insulation, and also upon the type of cable, 7.e., 
whether two- or three-core, or concentric. The difference of 
temperature between the core and the external sheath of a fully 
loaded power cable will usually be between 10° and 25° 
C.; but the actual temperature of the insulation at the 
hottest parts will be determined not only by the rate at which 
the heat can be conducted from the cores to the surface through 
the insulation, but also by the rate at which it can be radiated 
or conducted from the outside surface of the cable. 

The best conditions for cooling will usually occur with sub- 
marine cables; but armored cables buried direct in certain 
kinds of soil are also capable of dissipating large amounts of 
energy. When many cables are laid close together in multiple- 
way ducts, it is not possible to consider each cable independently 
of the others, since the temperature of the duct will depend upon 
the total cooling surface and the total amount of energy lost in 
all the cables. The problem of calculating temperature rise 
is thus seen to be a difficult one, and indeed more data must be 
accumulated before reliable empirical formulas will be available. 
Very little can be said here that will be of service to the engineer 
in determining exactly what will be the safe current for a given 
cable laid in a particular manner; but it is important to keep 
the temperature of the insulation within certain limits which 
cannot be exceeded without injuring the cable or leading to a 
greatly increased dielectric loss which aggravates the trouble 
and leads to rapid deterioration of the insulation. This limit 
may be set at about 85° C. for paper-insulated cables. 

For pressures up to 20,000 volts, the dielectric loss in three- 
phase high-grade paper cables is so small as to be negligible; 
and the permissible J?R loss in the conductors will depend (1) 
upon the rate at which heat can be conducted through the in- 
sulation from the conductor to the outside surface, and (2) 
upon the facilities afforded for the cooling of the outside surface 
of the cable. 

It is possible to run the current densities in free -core 20,000- 
volt power cables up to 1000 amp. per sq. in. in cables of 

15 
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0.25-sq. in. core section, and even 1500 amp. per sq. in. if 
tthe core is not more than 0.1 sq. in. cross-section. It is rarely 
safe to allow the lead sheath to reach a temperature greater than 
40° C.; but no hard and fast rule can be laid down in 
this connection. When the price of copper is high, it is impor- 
tant to load cables up to the safe limit, and research work is being 
carried on with a view to furnishing additional information 
on the heating of underground cables of different types and 
under different conditions of laying. 

A simple case, which admits of calculation without a large 
amount of empirical data, is that of the single-core or concentric 
cable. Thus, if it is desired to calculate the difference in 
temperature between the core and external sheath of such 
a cable, the procedure would be similar to the method followed 
in calculating the ohmic resistance, except that the ‘‘heat con- 
ductivity”’ of the dielectric would take the place of the electrical 
conductivity. 

As an example, and following the method outlined in Article 
109 when developing an expression for the insulation resistance, 
consider a lead-covered single-core paper-insulated cable of core 
diameter 2r = 0.9 in. and diameter over the insulation of 2R 
= 1.9 in. The heat conductivity of the insulation must be de- 
termined experimentally, but we shall assume that it is k = 0.002. 
This coefficient may be defined as the number of watts that will be 
conducted through each square centimeter of a slab of insulat- 
ing material 1 cm. thick when the difference of temperature 
ie diese 

The cross-section of this conductor will be about 0.5 sq. in., 
the resistance being 0.1 ohm per mile, and if we assume a current 
density of 1300 amp. per sq. in., the power loss per mile will 
be 0A-x (650)? = (42,250 watts, 

Considering a cylinder of the dielectric of thickness dx at a 
radius x from the center of the core, the difference of temperature 
between the two sides of this layer of insulation will be 


Wdzx 


ee ed (2ral) 


where / is the length in which the loss of W watts occurs (in this 
example / = 161,000 cm.). Thus, 


ee 


TRANSMISSION BY UNDERGROUND CABLES 227 


a 42250 1.9 
2 X 161000 X 0.002 °* (55) 
= 15.5 °C, 

If the cable were suspended in air, the difference of temperature 
between the lead sheath and the surrounding air could be caleu- 
lated by assuming about 0.0012 watt to be radiated from each 
square centimeter of surface per degree Centigrade difference of 
temperature. The outside diameter of this cable—if there is no 
jute or steel armoring over the lead—will be about 2.15 in., and 
the rise in temperature of the lead sheath will therefore be 


— we : 42250 = bs 2 : 
mw X 2.15 XK 2.54 X 161000 X 0.0012 


= 12.7 degrees. 
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Fia. 82.—Temperature rise of 383 ky. 0.25 sq. in. three-phase, paper insu- 
lated, lead-covered cables in iron pipes laid 12 in. apart 3 ft. below ground 
surface. 


The total temperature rise of the copper, on this basis, is 
therefore 15.5 + 12.7 = 28.2° C.; but since the cable is not 
likely to be suspended in air, correction coefficients derived 
experimentally would have to be applied in order to determine 
the probable temperature rise under practical conditions. A 
further correction would have to be made if the cable is provided 
with an outer covering of jute. 

Since the final temperature rise of a cable under given condi- 
tions will be very nearly proportional to the square of the current, 


we may write 
(ES ah 


228 ELECTRIC POWER TRANSMISSION 


and if the temperature rise 7; is known for a given current J,, 
the value of the constant K can be determined, and the tempera- 
ture rise with any other current J, will be approximately 


Ines 


T's K 


The curves of Fig. 82 show not only the final temperature rise 
attained by three-core paper-insulated power cables drawn in 
iron pipes underground, but also the time required to bring about 
any particular rise in temperature. The vertical scale indicates 
degrees Fahrenheit above an initial temperature of 57 degrees, 
while the horizontal scale gives the hours during which the cur- 
rent has been on the cable. The cross-section of each core of this 
cable is (.25 sq. in., and the tests were made with current den- 
sities of 1000 and 1200 amperes per square inch; the frequency 
of the supply being 50. The value of the constant K in the ex- 
pression J? = KT as calculated for J = 250 amperes, is 1330, 
whence the calculated temperature rise for 3800 amperes is 
67.6° F. which is somewhat higher than the observed rise of 
62 degrees, as one would expect it to be. 

No appreciable rise of temperature was observed with the full 
working voltage on the cable without load. In other words, 
the dielectric losses were not of such magnitude as to add appre- 
ciably to the heating caused by the J?F losses in the conductors. 

117. Reliability of Cable Systems. Joints; Electrolysis.— 
Apart from mechanical injury, which must be guarded against 
by giving attention to the method of laying and to the handling 
of the cables during their installation, trouble can usually be 
traced (1) to poor joints, (2) to general or local overheating, and 
(3) to electrolysis. 

Joints—Even when the trouble is caused by overheating 
rather than initial weakness of insulation, this frequently occurs 
in the neighborhood of poorly made joints. A considerable 
amount of skill is necessary in making satisfactory joints on h.t. 
underground cables, and the difficulty experienced in obtaining 
skilled and reliable workmen has led to the development of de- 
signs employing special insulating spacers and accurately made 
metal sleeves or bridge pieces, which depend less upon the skill 
and experience of the jointer than the older methods involving 
paper or tape wrappings. 

Careful bonding of the lead sheath is also a matter of consider- 
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able importance if electrolytic troubles are to be avoided, and 
this is provided for in the designs illustrated by Figs. 83 and 
84.1 The former shows a straight joint on a three-phase cable 
suitable for about 20,000 volts; paper sleeves are slipped over the 
joints, and rubber rings keep these the proper distance apart. 
A high grade of insulating compound is poured inside the lead 


Armour. Bonding Gland (ai) — TT errr Sweated Bond, 


Plumbed Joint. Armour Clamp. 


Bitumen Filled. 


Compound Filled. 


Sleeve Support. 


Bitumen Cord. 


Standard Cast Lead Sleeve. Sweating Sleeve. 


Enclosed in Cast Iron-Caso, 


Rubber Rings. Paper Sleeve. 


Bitumen Cord, 


CG L. Sleeve 


Fic. 83.—Joint in high tension (20 kv.) cables laid direct in ground. 


_sleeve forming the bond between the lead sheathings, while 
bitumen may be used in the space between the lead and the outer 
case of cast iron. It will be noted that all sharp corners are 
avoided; the castings being designed with curves of large radius 
to obtain the proper distribution of the dielectric flux. 


1 Designs of Messrs. W. T. Glover and Co. 
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Fig. 84 shows a somewhat similar joint box, for 33,000-volt 
three-core cables. The special jointing ferrules are designed 
with curved surfaces so shaped as to avoid concentration of 
stress, and thoroughly vitrified unglazed porcelain spacers are 
used between the cables in order to eliminate wrappings of tape 
or paper. The cast lead sleeve forming the bond between the 
lead sheathings is made in three parts to facilitate assembly. 

Overheating.— Apart from the damage done to the insulation 
by very high temperatures, it is generally true that the dielectric 
loss increases with the temperature, and this is especially notice- 
able with paper-insulated cables. It is nevertheless important 
to operate underground cables at a reasonably high current 
density, otherwise the interest on capital expenditure will be 
greatly in excess of the annual cost of the losses, and the system 
will be economically unsatisfactory. The engineer is therefore 
faced with a problem of considerable magnitude if underground 
transmission is to be adopted on a larger scale than at present. 
General or local overheating of cables is perhaps the chief cause 
of service interruptions on underground systems, yet a liberal 
cross-section of conductor can hardly be considered as the proper 
solution of the problem. Attention to all the causes that may 
lead to local overheating is very important; but the matter is not 
one that lends itself to lengthy discussion in these pages. 

Since submarine power cables will transmit much greater 
amounts of energy for a given size than underground cables, 
the possibility of flooding the ducts with water, as suggested 
by Mr. Harper! deserves consideration. 

Electrolysis —Chemical action, unassisted by electric currents, 
very rarely injures the lead sheath of underground cables; but 
electrolytic corrosion of the lead covering—resulting in per- 
forations and damage to the insulation by the admission of 
moisture—is not uncommon. An underground cable laid within 
a few feet of an electric railway or car line, is liable to electrolysis; 
but in countries, such as England, where rules governing the 
maximum permissible potential difference between current- 
carrying rails and ground are rigidly enforced, trouble due to this 
cause is very rare. Perfect bonding of the lead sheath and 
also of the steel armoring will effectively prevent trouble which 
otherwise might be experienced. 

1“Problems of Operation and Maintenance of Underground Cables,” 
by J. L. Harper, Trans. A. I. E. E., p. 417, vol. xxxvi, 1917. 
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Leakage of current from the cables themselves, due to careless 
work and inefficient sealing at points where connections are 
made is another cause of electrolytic corrosion in underground 
distributing systems. 

Electrolysis of lead and iron buried in the ground is usually 
caused by stray currents from electrically operated railroads or 
street-car lines which use continuous currents. The effects of 
alternating currents of frequencies between 15 and 60 cycles is 
practically negligible, being least with the highest frequency. 

The actual amount of metal carried away from the surface 
of the anode (usually lead or iron) will depend not only upon the 
surface exposed and the density of the stray currents which 
cause the corrosion; but also on the nature of the soil and 
whether it is usually moist or dry. 

The reader who desires to investigate more fully the subject 
of electrolytic corrosion is referred to the important contribution 
by Messrs. McCollum and Ahlborn.!’ Their paper includes 
references to the work of previous investigators, and brings out 
very clearly the importance of reversing the direction of the 
currents through the ground, even if the period of such reversal 
is measurable in hours or days. The shifting of loads on electric 
railway systems in cities usually produces large areas, called. 
neutral zones, where the polarity of underground pipes reverses 
at more or less frequent intervals. Even when such intervals 
of reversal range from several minutes to one or two hours, 
the corrosion due to electrolysis is found to be less than would 
be expected if attributed to the average amount of current dis- 
charged from the pipes into the earth. It would seem as if 
the reversal of current actually causes metal to be redeposited 
on the corroded portions, even after the pipes have acted as anodes 
during a considerable lapse of time. The redeposited metal 
will probably have little effect in strengthening the pipe 
mechanically; but it will serve as an anode surface during the 
succeeding period of current discharge, and thus protect the 
uncorroded metal beneath, which otherwise would have been at- 
tacked. This action, due to comparatively slow reversals of cur- 
rent, will be interfered with by circulation of the electrolyte, and 
the action of air (oxygen and carbon dioxide) on the corroded metal. 


1“Tnfluence of Frequency of Alternating or Infrequently Reversed 
Current on Electrolytic Corrosion,’”’ by Burton McCollum and G. H. Ahl- 
born. Technological Paper No. 72 of the Bureau of Standards, Washington. 


CHAPTER VIII 


TRANSMISSION OF ENERGY BY CONTINUOUS 
CURRENTS 


118. General Description of the Thury System.—In the Thury 
system of electric power transmission by continuous currents, 
the current is constant in value and the pressure is made to vary 
with the load. All the generators and all the motors are con- 
nected in series on the one wire, which may be in the form of 
a closed loop serving a wide area, or it may consist merely of the 
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Fie. 85.—Diagram of connections—Thury series system. 


outgoing and returning wires between a power station containing 
all the generators, and one or more substations, with motors, at 
the end of a direct transmission. The diagram, Fig. 85, shows a 
typical arrangement of machines for a small installation on the 
Thury system. In this example there are four generators at one 
end of the line, and seven motors of various capacities at the other 
end of the line, all the machines being connected in series and pro- 
- 233 
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vided with short-circuiting switches. The connections are, 
however, so simple that the diagram is self-explanatory. The 
voltage at the terminals of any one dynamo is limited, as the 
necessity for a commutator renders it impossible to wind a con- 
tinuous-current machine for so high a pressure as may be ob- 
tained from alternating-current machines. The limiting pressure 
per commutator on the existing Thury systems is 5000 volts, 
this being on the machines of the Metropolitan Electric Supply 
Company of London: the lowest is 1300 on a small two-generator 
plant in Russia. 

In order to obtain the high pressures required for economical 
transmission over long distances, it is necessary to connect many 
generator units in series; the difficulty of insulation between 
machines and ground being overcome by mounting the dynamos 
and motors on insulators and providing an insulated coupling 
between the electric generators and the prime movers. An in- 
sulating floor is also provided. 

When a machine, whether generator or motor, is not in use, 
it is short-circuited through a switch provided for this purpose. 
As the motor load varies, generators are switched in or out of 
circuit, thus varying the total voltage. When it is required 
to switch in an additional generator, the machine is brought up 
to speed until it gives the proper line current before the short- 
circuiting switch is opened to throw the machine in series with 
the line. To start up a motor, the short-circuiting switch is 
opened when the brushes are in the position of zero torque. 
The brush rocker is then gradually moved round, and the motor, 
starting from rest, increases in speed until the brushes are in the 
required position; the actual speed, for any particular position 
of the brushes, being dependent upon the load. 

The motors may be distributed anywhere along the line, 
either on the premises of private users of power, where they may 
be directly coupled to the machinery to be driven, or in sub- 
stations, coupled to constant pressure electric generators giving 
a secondary supply for lighting and power purposes. In most 
of the Thury undertakings in Europe, this secondary supply is 
three-phase alternating current. 

A series-wound dynamo machine, with a cuirent of constant 
value passing through field-magnet and armature windings, is 
essentially a constant torque machine. In the case of a motor, 
if the load is decreased, the motor will increase in speed and tend 
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to “run away’’; with increase of load, the motor will slow down, 
and in time come to a stand-still. In regard to the generators, 
the ideal prime mover is one which will give a constant torque, 
such as a steam engine with fixed cut-off and constant steam 
pressure; and a single generator so driven would be practically 
self-regulating, and maintain constant current regardless of load, 
as the speed—and therefore the pressure at terminals—would 
adjust itself to suit the motor load. The generators are, however, 
usually driven by prime movers which are far from fulfilling the 
ideal conditions. Most of the Thury stations are driven by 
water turbines, which are most efficient as constant speed ma- 
chines; while the maximum torque at low speeds is generally 
about twice the torque under conditions of highest efficiency at 
normal speed. 

Just as various devices are provided, when working on the 
parallel system, to maintain constant pressure of supply, so in 
the series system, it is necessary to provide regulating devices to 
maintain a constant current. Regulators controlled by the main 
current, or by a definite fraction of the main current, passing 
through a solenoid, can be made to act on mechanism designed 
to vary the speed of the prime movers. This method is quite 
practicable, but, where the type of engine—such as a water 
wheel under constant head—is not suited to variable speed run- 
ning, the machines may be run at constant speed, and the auto- 
matic device made to alter the magnetic field cut by the armature 
conductors, this being the only alternative means of varying 
the voltage generated. The alteration of the effective magnetic 
flux may be effected: 

(1) By shunting a portion of the main current so that it shall 
not all pass through the field winding, and 

(2) By shifting the position of the brushes on the commutator. 

A combination of both methods appears to give satisfactory 
results. The method (1) alone is liable to lead to sparking 
troubles because of the relatively greater armature reaction due 
to the weakening of the field; and, in practice, it is found inad- 
visable to shunt more than one-third of the total current. It is, 
of course, understood that the large variations of voltage are 
obtained by connecting more or fewer generators in series on the 
line. 

The motors, whether connected directly to the machinery of 
mills or factories, or used for driving sub-generators of the con- 
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stant pressure type, are usually required to run at constant speed. 
Their regulation is effected by a small centrifugal governor which 
rocks the brushes by acting on intermediate mechanism driven 
by the motor itself. The reversal of a motor is most simply 
effected by shifting the brushes round, through the no-voltage 
position, until the current reverses in the armature coils. 

A short-circuit on a motor merely removes that portion of 
the total load from the system, and the regulators on the gener- 
ators will readjust the pressure accordingly. If a short-circuit 
occurs on a generator, the prime mover may be protected from 
the shock by a slipping coupling, which is commonly provided. 
If, owing to the failure of a prime mover, a generator tends. to 
reverse and be driven as a motor, it may be short-circuited by a 
switch that can very easily be made to operate automatically on 
reversal of current. 

119. Straight Long-distance Transmission by Continuous Cur- 
rents.—Although high-pressure direct current may be used 
on the loop system with any number of motors or motor substa- 
tions distributed along the line—and, if desired, with any number 
of generating stations at suitable points on the loop—it will 
generally be found that a parallel constant-pressure system is 
preferable for covering a large industrial area, the simple reason 
being that, with the series system having a load more or less 
uniformly distributed along the loop, the system is a high-ten- 
sion transmission at the start only, since the required voltage 
decreases with the distance from the generating plant. It is true 
that the cost of the insulation may therefore be less than for a 
system on which the pressure is high throughout, but that can be 
said of any low-tension system. The point is that, in the case of 
the series loop serving a wide district, with power taken off at 
intervals along the line, the average pressure at which power is 
supplied to the motors or substations is only about half that 
which is supplied to the line where it leaves the power station. 
It must not be concluded that the Thury system is not well 
adapted to supplying several motor substations. It is an easy 
matter, as previously mentioned, to connect any number of 
motors in series on the line, but in order to get the full benefit of 
the series system these substations should all serve a compara- 
tively small district at the distant end of the transmission line. 

Apart from these considerations, and notwithstanding the 
advantages of a long-distance straight transmission, the Thury 
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system would appear to be admirably adapted to serve as a link 
between otherwise isolated power plants in an industrial or thickly 
populated district of considerable area. By means of this 
system there is not the slightest difficulty in putting in series a 
number of generating stations on the one power line, and stations 
supplying alternating current of various voltages and frequencies 
can thus be linked together with the greatest ease and simplicity. 

120. Insulation of Line when Carrying Continuous Currents.— 
The question of sparking distances and the behavior of insulating 
materials when subjected to continuous-current pressures of 
high values is of the greatest importance when considering the 
relative values of the Thury system and the more common three- 
phase high-tension transmission. On the assumption of the 
theoretical sine wave, the maximum instantaneous value of an 
alternating e.m.f. is 1/2 times the root-mean-square value, and 
comparisons between alternating-current and _ direct-current 
transmissions are usually made on this basis, which makes the 
allowable continuous-current pressure to ground or between 
wires, for the same insulation and spacing, 1/2 times the working 
pressure of an alternating-current system. The ratio should, 
however, be based on experimental data, and, with a view to 
obtaining definite and conclusive information on this point, Mr. 
Thury conducted some years ago a very complete set of com- 
parative tests with high voltages, both continuous and alter- 
nating. The results of these tests are probably more favorable to 
the alternating-current systems than would have been the case 
had they been conducted on existing high-pressure power-trans- 
mission systems, because the experimental alternator used in 
the tests gave a rather flat-topped e.m.f. wave without any 
irregularities. The tests conducted to determine the comparative 
pressures at which various insulating materials would be punc- 
tured all tend to show that, with continuous currents, something 
more than twice the alternating pressure is required to puncture 
the insulation; and, in regard to sparking distances, the direct- 
current voltage necessary to spark over a given distance is, on 
the average, double the alternating-current voltage. In fact, 
this very complete series of tests seems to indicate that any 
existing transmission line designed for a definite maximum 
working pressure with alternating currents is capable of being 
used to transmit:continuous currents at twice this pressure. It 
is also interesting to note that insulators which become hot when 
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subjected to high alternating-current voltages remain cool when 
tested with continuous currents. In fact, the leakage losses on 
the Thury transmissions are small. The total leakage loss over 
about 3000 insulators on the St. Maurice-Lausanne transmission 
(a distance of 35 miles), even in damp weather, is something of 
the order of 900 watts. 

It is usual to employ two insulated wires for direct-current 
high-pressure transmission, but under certain conditions it 
might be quite satisfactory to use the earth as the return con- 
ductor. The arrangement with two wires and the entire electric 
circult insulated from earth is usual for pressures up to 25,000 
volts. It has the advantage over any grounded system that any 
point on the circuit may become grounded without causing a 
stoppage, and repairs can readily be carried out by temporarily 
grounding two more points, one on each side of the fault. The 
facility and safety with which repairs on the high-tension system 
can be carried out by grounding the point where the work is 
being done is another advantage of this arrangement. 

If a ground connection is made at both ends of the two-wire 
transmission, the ground wire being so situated as to balance 
the load as well as possible, an arrangement equivalent to the 
ordinary three-wire system is obtained. The pressure between 
wires may then safely be doubled because the potential difference 
between any one wire and earth can never exceed half the maxi- 
mum pressure of transmission. On the other hand, some of the 
advantages of the non-grounded system are lost. 

A direct-current transmission to any economic distance by 
means of a single wire, using the earth as the return conductor, 
is by no means an impossible scheme. The ground resistance 
is practically zero, the loss of pressure being almost entirely in 
the immediate neighborhood of the grounding plates. Tests 
made on the St. Maurice-Lausanne line (85 miles) gave a total 
ground resistance of 0.5 ohm. Continuous currents of the order 
of 100 amp. returning through the earth do not appear to be 
objectionable in any way. By taking the ground connections 
to a considerable depth below the surface, the current density at 
ground level would everywhere be so small that interference with 
opposing interests would hardly be possible. 

121. Relative Cost of Conductors: Continuous Current and 
Three-phase Transmissions.—In order to study the relative 
costs of conductor material required for the series direct-current 
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system and the more common three-phase alternating-current 
transmission, a basis of comparison is necessary, and the following 
assumptions will be made: 

(A) Same distance of transmission; no tapping of current at 
intermediate points. 

(B) Same total amount of power transmitted. 

(C) Same power loss in conductors (losses due to leakage and 
capacity of lines are neglected). 

(D) Same insulation used on both systems. 


Fia. 86. Gr oie 


Fias. 86 and 87.—Comparison of voltages on direct-current and three-phase 
systems. 


This last condition is practically equivalent to stating that the 
maximum value of the voltage shall be the same. It is proposed 
to consider the following four conditions: 

(a) Same maximum pressure above ground; the direct-current 
voltage being 1/2 times the alternating-current voltage (sine 


wave assumed). 
Oe 1 
Ratio = =—= 
iH V/2 
where # and £E, stand respectively for the continuous and 
alternating voltages to ground. (See Figs. 86 and 87.) 
(b) Same as (a); but direct-current voltage double the alter- 


nating voltage. 


(92) 


Ratio 7* = 3 (98) 
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(c) Same pressure between wires; the allowable direct-current 
pressure being +/2 times the alternating-current pressure. 
2H V2 EVENS 
(d) Same as (c); but direct-current pressure double the alter- 
nating-current pressure. 
V/3E, _ 1 el 
me a 95 
OR 9 or ratio E 4/3 (95) 
To satisfy the condition of equal total power, the equation is, 
2H < I = 3H, cos\0 (96) 
and for equal line losses, 

217 = SI 7h, (97) 
where J is the current per conductor in the direct-current trans- 
mission, and R the resistance per mile of single conductor; while 
I, and R, are the corresponding quantities for the three-phase 
transmission. 


In either system the total weight (and cost) of the conductors 
number of conductors 


resistance of each conductor 


(94) 


is proportional to which gives the 


relation, 
Cost of conductors, direct-current system — 2R, (98 
Cost of conductors, three-phase system 3R ) 
but R. can be expressed in terms of F& thus: 
By (97) 
21°R 
Ra = 31,2 (99) 
and by (96) 
ee 3E I, cos 0 
os 2H 
or 
De QE ea cos 0 
4k? 
which, when put for J? in formula (99), gives, 
Sha” COs” OX ht 
Ra = YE (100) 
Thus the equation (98) becomes, 
Cost of conductors, direct-current system EH,” _, 
cos? @ 


Cost of conductors, three-phase system ~ E? 
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Assuming the very common value of 0.8 for the power-factor 
of the three-phase system, the numerical ratio for the four con- 
ditions previously stated would be: 


(a) For same maximum pressure to ground, with sine wave 


assumption, 
Direct-current cost cos? 6 0.32 
Alternating-current cost 2 ; 


(b) Same as (a), but allowable direct-current pressure assumed 
to be double the alternating-current pressure, 
Direct-current cost _ cos? 4 
Alternating-current cost 4 


= 0.16 


(c) For same maximum pressure between wires, with sine 
wave assumed, 

Direct-current cost | 2 Beret eer: 
Alternating-current cost 3 

(d) Same as (c), but allowable direct-current pressure assumed 

double the alternating-current pressure, 
Direct-current cost _ u Hoa? B= 0.818 
Alternating-current cost 3 

The transmission line, apart from the cost of conductors, would 
be cheaper for the direct-current than for the three-phase scheme 
because there are fewer insulators required and only two instead 
of three conductors to string; and if a grounded guard wire is 
erected above the conductors, it is more convenient to arrange 
this over the two direct-current conductors than over the three 
alternating-current wires, and it would not necessitate the same 
total height of tower. The important saving is, however, in the 
conductors themselves. Taking the figure most favorable to the 
direct-current scheme (b), the alternating-current conductors to 
transmit the same power with the same loss would cost six and 
a quarter times as much as if direct-current transmission were 
used, and even under the assumption (c), most favorable to the 
three-phase scheme, the cost would still be 2.35 times the cost 
of the direct-current conductors. For the purpose of getting 
out preliminary estimates, it is certainly safe to assume that, if 
the power factor of the three-phase load may be taken as 0.8 the 
cost of conductors on a long-distance direct-current transmission 
would be only one-quarter of the cost of conductors with the 
alternating-current scheme on the assumption of equal 1°?R 


losses. 
16 
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If a ground return were used on a straight long-distance trans- 
mission—a perfectly feasible arrangement—the cost of copper 
for the same total J?R loss would be only one quarter of the 
cost of a two-wire transmission, since the loss in the ground 
return would be negligible. The cost of copper would then be 
only about one-sixteenth of the cost of copper on the equivalent 
three-phase transmission, a point which suggests that the Thury 
system is worthy of more serious consideration than it has 
so far received outside of Europe. It is not suggested that a 
comparison on the basis of equal line losses is necessarily correct 
or justifiable on economic grounds; but this does not render the 
above comparisons less interesting or valuable. 

122. Concluding Remarks on Direct-Current Transmission.— 
As an indication of what has been done in Europe since the intro- 
duction of the Thury system a quarter of a century ago, it may be 
stated that there are at present about 16 separate transmissions in 
operation, in Switzerland, Italy, France, Hungary, Spain, Russia 
and England. The shortest length of loop is 12.4 miles (Batoum, 
Russia), with a line pressure of 2600 volts. The longest is 248 
miles (124 miles straight transmission), this being the Moutiers- 
Lyons line at a maximum pressure of 100,000 volts, the current 
being 150 amperes. ; 

In England, the direct-current series system has been adopted 
by the Metropolitan Electric Supply Co. of London on their 
Western section. The plant has been in operation since March 
of 1911 and given entire satisfaction. The current is about 100 
amp., but can be varied from 70 to 120 amp. without causing 
trouble through sparking on the commutators. The com- 
mutators measure 5 ft. in diameter and 6 34 in. in length. They 
have 1439 segments and run sparklessly at 5000 volts between 
brushes. The machines have six poles and only two sets of 
brushes. 

An interesting account of the Thury system, by Mr. William 
Baum, with brief descriptions of the important European 
plants, will be found on page 1026 of the General Electric Review 
of Nov., 1915. 

As an example of what might be done at the present time in 
the way of direct-current transmission on a large scale, it is 
clear that no difficulty need be experienced in building dynamos 
of a large size with 5000 volts on one commutator. Assuming a 
current of 300 amp., which would probably be transmitted by 
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two conductors connected in parallel, the output of each machine 
would be 1500 k.w. and two of these might be coupled to one 
prime mover. With two commutators per machine, the output 
would be 3000 k.w., and with four commutators, 6000 k.w. per 
unit. Six machines in series, each with four commutators, would 
have a total output of 36,000 k.w. at 120,000 volts. There would 
be practically no new or experimental engineering work in con- 
nection with such a scheme. 

Electrical engineers on the American continent are rather in- 
clined to the belief that when energy has to be transmitted from 
one place to another the one and only course open to them is to 
adopt the three-phase alternating-current system. It is not sug- 
gested that at the present time this may not, in the majority of 
cases, be the best system available; but undoubtedly there are 
conditions under which the continuous-current series system 
would prove more economical and reliable. Of course, first cost 
of plant and operating charges have to be taken into account 
when comparing different systems, and the most satisfactory 
way of doing this is to reduce all estimated costs to the com- 
mon basis of annual charges. The cost of the direct-current 
generators must be set against the combined cost of alternators 
and exciters and step-up transformers with all intermediate 
switch gear. 

In this connection the writer cannot refrain from quoting a 
paragraph which occurred in one of the leading articles in the 
Electrical World of New York, in which reference is made to the 
fact that transmission by continuous currents has received con- 
siderable attention in Europe. 

“ Any engineer who wanders through one of the large Thury 
stations and then calls to mind the usual long concrete catacombs 
bristling with high-tension insulators and filled with dozens of oil 
switches, scores of disconnecting switches, webbed with hundreds 
of feet of high-tension leads and spattered with automatic cut- 
outs, will stop and think a bit before he complacently sniffs at 
high-tension direct-current transmission.” 

In regard to reliability it is true that, on the Thury system, the 
generators have not the protection against lightning disturbances 
which the step-up transformers afford to the alternators on high- 
tension three-phase systems, and where thunderstorms are 
prevalent this must not be overlooked, as the cost of protective 
apparatus may prove excessive. In this connection it is interest- 
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ing to note that the charges of electricity in the upper atmosphere 
are always positive, and the negative wire will therefore tend to 
draw a lightning discharge away from the positive wire or grounded 
guard wire, but to how great an extent this would affect the 
proper disposition of the wires it is difficult to say. 

This chapter will be concluded with a brief summary of the 
important points in favor of, and unfavorable to, the employment 
of continuous currents on the series system for the purpose of 
transmitting energy at comparatively high voltages from one 
place to another. 


ADVANTAGES OF THE DIRECT-CURRENT SERIES SYSTEM 


1. The power-factor is unity—a fact which alone accounts for 
considerable reduction of transmission losses. 

2. Higher pressures can be used than with alternating cur- 
rent, the conditions, as shown by actual tests, being more favor- 
able to direct-current transmission than is generally supposed. 
Without any alteration to insulation or spacing of wires, ap- 
proximately double the working pressure can be used if direct 
current is substituted for alternating current. Moreover, the 
insulation is subjected to the maximum pressure only at times 
of full load, whereas on the parallel system the insulation is 
subject to the full electrical stress at all times. 

3. There is no loss of power through “dielectric hysteresis”’ 
in the body of insulating materials. 

4, The necessity for two wires only, in place of three, effects a 
saving in the number of insulators required and allows cheaper 
line construction. 

5. Where it is necessary to transmit power by underground 
cables, continuous currents have great advantages over alternat- 
ing currents. Single-core cables can be made to work with con- 
tinuous currents at 100,000 volts. By using two such cables and 
grounding the middle point of the system it is, therefore, quite 
feasible to transmit underground at 200,000 volts. 

6. The practicable distance of transmission, especially when 
the whole or a part is underground, is greater than with alternat- 
ing currents. 

7. There are no induction or capacity troubles and no surges 
or abnormal pressure rises due to resonance and similar causes, 
such as have been experienced with alternating currents. This 
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virtually makes the factor of safety on insulation greater than on 
alternating-current circuits, even when the working pressure is 
doubled. 

8. A number of generating stations can easily be operated in 
series, and when the demand for power increases, a new generating 
station can be put up on any part of the line if it is inconvenient 
to enlarge the original power station. 

9. The simplicity and relatively low cost of the switch gear is 
remarkable. A switch pillar with ammeter, voltmeter, and 
four-point switch is all the necessary equipment for a generator. 
The switch pillar for a motor includes, in addition, an automatic 
“by-pass”? which bridges the motor terminals in the event of an 
excessive pressure rise. This compares very favorably with the 
ever-increasing—though in some cases unnecessary—complica- 
tion and high cost of the switching arrangements in high-tension 
power stations on the parallel system. 

10. With the Thury system any class of supply can be 
given, and the motors can be made to drive sub-generators 
capable of running in parallel with any local electric generating 
plant. 

11. In hydraulic generating stations where the variations of 
head are considerable, as will generally be the case if there is 
no storage reservoir, a greater all-round efficiency can be obtained 
than if the machines had to be driven at constant speed. 

12. For any industrial operation requiring a variable-speed 
drive at constant torque, the Thury motor, without constant- 
speed regulator, is admirably adapted. It might have a useful 
application in the driving of generators supplying constant cur- 
rent to electric furnaces in which the voltage across electrodes 
is continually varying. 


DISADVANTAGES OF THE DIRECT-CURRENT SERIES SYSTEM 


1. The necessity of providing insulating floors and mounting 
all current-carrying machines and apparatus on insulators. The 
highly insulated coupling required to transmit, mechanically, 
large amounts of power between prime mover and electric gener- 
ator is also objectionable. 

2. The smallness of the generators; the output of each gener- 
ator being limited by the line current and the permissible voltage 
between the collecting brushes on the commutator. One prime 
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mover is usually coupled to two or more direct-current generator 
units. This, however, is necessarily more costly than if larger 
electric generators could be used; moreover, it practically limits 
the choice of hydraulic turbines to the horizontal type, since the 
coupling of several generators on the shaft of a vertical water- 
wheel would be difficult and unsatisfactory. 

3. With constant current on the line, the line losses are the 
same at all loads, and the percentage power loss in conductors is 
inversely proportional to the load. This is exactly the reverse of 
what occurs on the alternating-current parallel system, in which 
the percentage line loss is directly proportional to the load. It 
should, however, be mentioned that on the Thury system the line 
current may be reduced about 30 per cent. at times of light load, 
except when the circuit feeds motors of industrial undertakings 
requiring constant current day and night. It must not be over- 
looked that large percentage losses at times of light load are of 
serious moment only where steam engines are used or where stor- 
age reservoirs are provided for water-power generating stations. 
In the case of water-power schemes without storage, the fact of 
the full-load line losses continuing during times of light load is not 
objectionable. 

4. The series system is less suitable than the parallel system 
for distribution of power in the neighborhood of the generating 
station. It is essentially a transmission system, not a distrib- 
uting system. 

5. The water turbine working under constant head is not the 
ideal engine for driving constant-current machines. 

6. Special regulating devices are necessary to maintain 
constant speed on the motors. 

7. It is impossible to overload the motor, even for short 
periods. ‘This would be a very serious objection to the use of 
these motors in connection with electric traction systems. 

8. Greater lability to damage and interruption from the 
effects of lightning. It may be said that an overhead line, 
whether for alternating or direct current, is always liable to dam- 
age by lightning; but with the high-tension alternating-current 
system, the transformers and automatic oil switches will usually 
protect the generators themselves from serious damage, while 
with the Thury system there is always a path for lightning dis- 
charges through the generators and motors, and the damage done 
may be very great. This simply means that particular attention 
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should be given to the question of lightning protection on 
overhead direct-current lines, and the ease with which highly 
inductive choke coils can be introduced on a direct-current system, 
without opposing any obstacle (except ohmic resistance) to 


the passage of the line current, tends toward the attainment of 
increased safety. 


CHAPTER IX 


MECHANICAL PRINCIPLES AND CALCULATIONS— 
OVERHEAD CONDUCTORS 


123. Introductory.—If a wire is stretched between two fixed 
points, A and B, lying in the same horizontal plane, and sepa- 
rated by a distance of lJ ft., there will be a certain sag of s ft. 
in the wire. This sag or deflection from the horizontal line 
AB, will be greatest at the center of the span, and its value, 
for a given length of span (/ ft.), will depend upon the weight of 
the wire and the tension with which it has been drawn up. If 
the wire were perfectly uniform in cross-section and perfectly 
flexible, the curve ADB (Fig. 88) would bea catenary. It should 
be observed, however, that in this and subsequent diagrams, the 
sag s is shown much larger relatively to the span / than it would 


Fie. 88.—Wire hanging between two supports at the same elevation. 


be on most practical transmission lines; and as the span 1 is 
generally very little shorter than the length of the wire between 
the suspension points A and B, no appreciable error is introduced 
by assuming the weight of the wire to be distributed uniformly 
along the horizontal line ACB instead of along the curve ADB. 
On this assumption the curve ADB becomesa parabola, and as the 
calculations are more easily made on the assumption of a para- 
bolic curve than with the possibly more correct catenary, it is 
customary to use the formulas relating to the parabola for the 
solution of sag-tension problems. On very long spans, even 
with fairly large conductors, the actual curves assumed by the 
wires hanging in still air under the influence of their own weight 
only, will approximate more nearly to the catenary than to the 
248 
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parabola, and if it is desired to introduce refinement of calcu- 
lation, the catenary is the more correct curve to work to on long 
spans,' but owing to the many more or less arbitrary assumptions 
that must necessarily be made in all calculations on the mechan- 
ical features of a transmission line, such refinements are, in the 
writer’s opinion, unnecessary and only justifiable when they in- 
volve no additional time or labor in the calculations. 

124. Graphical Statics Applied to Transmission-line Calcula- 
tions—General Problem.—Instead of assuming a definite shape 
of curve to represent the form taken by a wire which is free to 
hang between two supports a known 
distance apart, itis proposed to de- 
velop the necessary formulas for sag 
and tension calculations by applying 
the well-known principles of graphical 
statics. 

Consider a mass of any irregular 
shape, the weight of which may be 
represented by the vertical vector OP¢ 
passing through its center of gravity 
O’ as shown in Fig. 89. This mass 
is suspended by two perfectly flexible 


B 


ties from the fixed points A and B. 5 Y NP 
Except for the special case of parallel a i 
forces, the resultant P¢ and the com- a 
ponents P, and Pg, acting in the VPs 


direction of the suspension cords, AC Wee ee Acad 
and BD, will pass through the com- forces, ‘ 
mon point O. The system of forces 
is in equilibrium and the conditions to be fulfilled are there- 
fore, 

1. That the vectorial sum of all forces and reactions shall be 
zero, and 

2. That the sum of all moments taken about any point shall 


be zero. 


1 In his paper read at the annual Convention of the A. I. E. E. at Chicago, 
June, 1911, Mr. W. Le Roy Robertson works out solutions of sag and span 
problems with the aid of the catenary. A more recent contribution by 
Mr. F. K. Kirsten in Trans. A. I. E. E., p. 735, vol. xxxvi, 1917, contains a 
complete mathematical analysis of the mechanical problems on the assump- 
tion that the wires take the form of the catenary curve. 
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The following is an explanation of the manner in which a 
force diagram similar to Fig. 89 may be constructed. 

Known Data.—1. The position of suspension points A and B. 

2. The magnitude and position relatively to points A and B 
of the force of gravity (7.e., the length of the vector PO, and the 
distance AF of this vector from the point A). 

3. The magnitude, but not the direction, of the force Ps, 
acting through the suspension point B. 

Required.—1. The direction of the force Pz. 

2. The magnitude and direction of the force P,. 

3. The horizontal and vertical components of the forces at 
the points of support. 

Taking moments about the point A gives the equation 


P; xX AR =PsX ALE 
thus. 


From the point A as a center, use this radius to draw an arc 
of circle the tangent to which, passing through the point B, will 
locate the point O. Draw OPz, to the proper scale to represent 
the force of gravity and complete the parallelogram of forces. 
The vertical component of the reaction at point A is NO, and at 
the point B itis MO. The horizontal reactions at the points of 
support are P,N and P;M respectively. These are obviously 
equal, but opposite in direction, in every conceivable case of a 
body in equilibrium subject only to the force of gravity acting, 
as it always does, vertically downward. 

125. Stretched Wire. Supports on Same Level.—lIn Fig. 90, 
a wire weighing w lb. per foot is stretched between the supports 
A and B lying in the same horizontal plane. The maximum 
tension in the wire is Ps lb. This is the tension at the points of 
support, and, owing to the symmetry of the figure, it is the same 
in amount at A as at B. The assumption is now made that the 
total weight of wire is equal to the weight per foot multiplied by 
the straight line distance between the points A and B. Thus 


A = 1 S< I 


where / is the distance in feet between A and B. This assump- 
tion is allowable on all except spans of extraordinary length, 
because the actual length of the wire differs only by a very small 
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amount from the shortest distance between the points of 
suspension. 

Draw the vector OP; to represent the total downward force 
wl. It will lie on a vertical line midway between A and B. 
Let it be bisected by any horizontal line such as AB. From O 
lay off OP; at such an angle that the head P, of the vector lies 


Fig. 90.—Diagram of forces—suspended wire with supports on same level. 


on the horizontal line bisecting OP¢. Complete the parallelo- 
gram of forces. Then OWN represents the vertical component at 
each ‘point of support, and NP, or NP, is the horizontal force 
P,, acting at each support; it is also the total tension in the wire 
at the center or lowest point of the span. 

Referring to Fig. 91, which shows a span of length J, we can 
now calculate the sag s at the center. Consider the moments 


= 


== cen 
Soe 48. 


Fic. 91.—Diagram of forces for sag calculation—supports on same level. 


about the point A due to the half span AD. These must balance, 
and the equation is 


l yh 

8 X EF = a x “5 
whence : 
wl? 


which is the well-known formula for sag calculations when the 


parabolic assumption is made. 
Given an overhead conductor hanging in still air from supports 
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at the same level, under the influence of its own weight only, 
the tension in the wire at the center of the span will therefore 
be 


(102) 


and in practical work, except perhaps on exceptionally long 
spans, the maximum tension in the wire will be so nearly equal 
to the horizontal component of the pull that the tension at the 
points of support (where the maximum pull occurs) may be as- 
sumed the same as the horizontal component as calculated by 
formula (102). The tension at any point in the span can, how- 
ever, be very easily calculated. Thus, let 6 in Fig. 92 be the 
angle which the tangent to the curve makes with the horizontal 


Fia. 92.—Vector diagram of forces for calculating tension at any point in the 
span. 


at any point O distant y feet from the vertical plane normal to 
the wire at the lowest point. On the assumption previously 
made that the weight is distributed uniformly over the straight- 
line distance between the two points of support, the weight of 
the section considered in Fig. 92 is y X w where w is the weight 
of the conductor per foot length. This acts vertically downward 
at the point O, and we may write 

wy 


iia @ = a 


Substituting for P, the value given by formula (102), we have, 


8 
tan 0 =y X 7p (103) 
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which becomes a maximum at the points of support, where its 
value is 


tan 6 = e (104) 


The wire will take the stress in the direction of the tangent to 
the curve, and the resultant tension at the point O is therefore 
fle 
= wy X cosec 0 (105) 


P, = 


which is readily solved with the aid of trigonometrical tables, 
since the angle @ is given by formula (103). 

The use of tables can be avoided by putting the expression in 
the form 


P= VE + 84 ty? (106) 


the maximum value of which occurs at the points of suspension of 
the wire where it becomes 


Paz = oe + 16s? (107) 


A simpler formula, which is a very close approximation to the 
correct formula, is 


Prac = Py ws, 


I 


2 
= + ws (108)! 


) This formula is based on the fact that when the quantity a is small 
relatively to A, it is permissible to write, 


ee a 
EO st oy 


Thus, the total or resultant force at the point of support is, 


PALI RE 
mes =,)P. ae i) 
oR, (= Ae 
8s i ) 


wi? 


ae, + Ws. 


I 
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The ratio of the maximum tension (at point of support) to 
the tension at center of span is, 


Pmaz _ Formula(l07) _ Vl? + 16s? 
es Formula(102) l 


8s? 
[2 


(109) 


which, approximately = 1 + (110) 


Seeing that s is usually very small in relation to /, the quantity 
given by formula (109) or (110) is generally so nearly equal to 
unity that no serious error is introduced by using the simple 
formula (102) for calculating the tension in the conductors; 
in other words, the wire, as previously mentioned, is so nearly 
horizontal throughout its entire length that the horizontal 
component of the tension, instead of the resultant, may be 
considered as the tension acting at any point on the wire. 

The length of the parabolic curve ADB (Fig. 88) is, 


onda etre 
7 3 BI ete. 


but it is usual to omit all except the first two terms of the series. 
This gives, 


8s? 
halt (114) 


126. Supports at Different Elevations.—Many students and 
some engineers appear to have trouble in understanding the 
distribution of forces in overhead lines carried up a steep grade: 
the idea that the poles carry considerably increased loads as 
they occupy positions higher up the hill-side is not uncommon, 
and is sometimes put forward in explanation of the troubles 
which are not infrequent with poorly constructed lines carried up 
steep inclines. Such troubles as have occurred in the past were 
perhaps not entirely unconnected with the fact that the design- 
ing engineer, or the construction engineer, or both, had no clear 
understanding of the distribution of forces in such a line. The 
problem is very simple if the component forces necessary to the 
state of equilibrium are studied as in the preceding article wherein 
the supports were supposed to be at the same elevation. 

In Fig. 93, the difference in elevation of the supports is h 
feet. The span measured horizontally is l feet, and the straight- 
line distance between the supports A and Bis I’ feet. If 6 
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is the angle which the line AB makes with the horizontal, we 
may write 


cane — : 

and 
(COSC) = L 
=F 


The weight of wire per foot is w lb., and it is assumed that the 
total weight is wl’ Ib. This force acts through the point C mid- 
way between A and B. The other known quantity is the mag- 
nitude (but not the direction) of the maximum tension in the 
wire: this is the force P, acting through the highest point of 
support (B). 


Fic. 93.—Diazram of forces—supports at different elevations. 


Draw the vertical line OP, to represent the total force of 
gravity (wl’). Through its center C draw the line AB (or a line 
parallel to AB) making an angle @ with the horizontal. Then 
from O as a center describe an are of radius OP, equal to the 
known force P;. Its intersection with AC locates the head of 
the vector OP;. Complete the parallelogram of forces, and 
drop the perpendiculars P,/Z and PzN on to the vertical OPc. 
These are a measure of the (equal) horizontal components 
of the reactions at the two points of support, and also of the total 
tension in the wire at the lowest point D. The length WO is the 
vertical component of the reaction at the lower support A; while 
NO is the vertical reaction at B. Their sum is, of course, equal 
to OP,. The angle 6 which the vector Pz makes with the 
horizontal is the slope of the wire where it leaves the point B. 
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The construction as above described satisfies the fundamental 
conditions of equilibrium, namely, that all vertical forces shall 
balance; that all horizontal forces shall balance, and that the sum 
of all moments taken about any point shall be equal to zero. 

In practice it is not convenient to solve such problems by 
actual measurement of quantities plotted to scale on drawing 
paper, because the horizontal components of the forces are usually 
very much greater than the vertical components. A _ trigo- 
nometrical solution is therefore desirable. 

In Fig. 93, the known quantities are the two sides OP; and OC 
of the triangle OCP, of which the angle OCP, is also known, 
being equal to @ + 90 degrees. 

The angle OP;C or ¢ may be calculated from the relation 

wl! 


sing = sin (90 + 8) = ap cos 8 
B B 


a 
Ore: 
and the angle 8 which the wire at the upper support makes with 
the horizontal is therefore 
— in-l a 
6 =6+sin Ge (112) 
With the aid of trigonometrical tables or a slide rule, the values 
of sin 6 and cos 6 can be obtained, and the other components of 
the force diagram readily calculated. Thus, the horizontal com- 
ponent at either point of support, which is also the total tension 
in the wire at the point (if any) where the slope is zero, is 


P, = Pz cos B (113) 


The vertical component of the reaction at the highest point B, 
where this reaction is greatest, 1s 


Py ==! INO) == Pz sin B (114) 
The weight supported by the lower pole is 
IDs => MO = wl’ ae IPaag C15) 


This may, obviously, be a negative quantity, 7.e., the wire may 
exert an upward pull on the lower support. In that case the sag s 
below the point A, will be zero, and this would correspond to the 
usual condition on a steep incline, or on a moderate incline if the 
spans are short. 
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Position of Lowest Point of Span. Supports at Different Eleva- 
tzons.—The position of the lowest point D in the span will be deter- 
mined by the vertical weight carried by each of the two supports. 
Thus, referring to Fig. 93, the vertical component of the forces 
acting at B is simply the weight of that portion of the wire 
comprised between the support B and the point D where the 
tension in the wire has no vertical component. The horizontal 
distance of the point D from B (in feet) is 


ON 
Lee OPs 
_ Pav 
wl! 
(o Psy cos 6 


< (116) 


This may give a distance for lz which is greater than /. In that 
case the support A would be the lowest point in the span. The 
horizontal distance from the lower point of support, A, to the 
point D is ly = 1 — lg; which shows that J, will be a negative 
quantity when lz, is greater than l. 

If it is desired to express these formulas in terms of the hori- 
zontal component (P,,) of the tension, a reference to the force 
diagram in Fig. 93 will show that we may write 


Po = 2 (Pry — Pj, tan 6) 
and since P, = wil’, the vertical component of the tension at 
the upper support is 
* / 
Page = a + P, tan 6 


= : += (117) 
Substituting in formula (116), we have: 
one a9 
Similarly 
Los : = (119) 


These formulas can be solved without reference to trigono- 
l : 
metrical tables, because, although /’ = Eaatal it can also be ex- 


pressed as l’ = V/ 12 + h?. 


17 
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Formula (119) shows that if = is equal to > the lowest 
point of the wire coincides with the lower support A, while, if 
the second term in the equation is greater than the first, ls 
is negative, and there is a possibility of the resultant wpward 
pull on the lower insulator at A being greater than the downward 
pull due to the weight of the wires in the adjoining span. It is 
well to bear this point in mind when considering an abrupt 
change in the grade of a transmission line. 

127. Calculation of Sag with Supports on an Incline.—The 
formula (101) as calculated for spans with supports on the same 
level may be used for spans on an incline provided the distance 
lz of Fig. 93 is considered as half of a level span of which the sag 
is(s +h). Thus, 


(aes (120) 
2P,, cos 6 
Similarly 
eS wha? 
aie 2P), cos @ Cea) 


On a steep incline, where A is the lowest point of the span, 
it is more useful to know the maximum deflection of the wire 
from the straight line AB as observed by sighting between the 
points A and B. This maximum deflection will occur at the 
center of the span. A careful study of the force diagram in Fig. 
93 will make it clear that, just as OP, is the slope of the tangent to 
the wire at the point B, and PzN is the slope of the tangent to 
the wire at the lowest point D, so P;C is the slope of the tangent 
to the curve at the middle of the span. This is therefore the 
point of maximum deflection from the straight line AB. 

Consider now Fig. 94. The maximum deflection of the line 
on the slope is s’, and, by taking the sum of all the moments about 
A and putting this sum equal to zero, the value of this deflection 
is found to be, 


? (e l cos 6 
s' = (= X- 
2 4 JES 
wl? 
= Sipe (122) 
which indicates that the maximum deflection from the straight 
line, of a conductor strung between supports on a slope, as meas- 


ured at the center of the span, is exactly the same as the maxi- 
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mum sag s of the same conductor strung between points on the 
same level; provided the span measured horizontally and the 
horizontal component (P,) of the tension are the same in both 
cases. 
: Pp a\eee Lares 

If P isthe tension (—*,\ in the direction AB, the formula 
(122) can be written 
7 wl? 
~ 8P cos 6 

Length of Wire with Supports at Different Elevations.—The length 
of wire between the two supports A and B may be considered as 
the sum of two distinct portions of the parabolic curve ADB 


Ss 


(122a) 


Fie. 94.—Diagram of forces for sag calculation—supports at different elevations. 


(Fig. 93); the one, AD, the length of which, according to formula 
(111), is 
4s? 
and the other, DB, of length 
/ 2 
\yaeth 4 (s+ h) 
3 X 2p 
The sum of these two quantities is 
27(s +h)? =| 
= 123 
NOE Sagem ag Ce. 
128. Example Illustrating Use of Formulas.—Consider a span 
of 485 ft. measured horizontally, with a difference of level of 40 ft. 
between points of support. The wire is No. 2-0 B. & 8. gauge 
aluminum, weighing 647 lb. per mile. Calculate vertical and 
horizontal components of forces, also sag and position of lowest 
point of span, if the maximum tension in the wire is 185 |b. 
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The known quantities are: 


1 = 485 
h = 40 
w = 0.1226 
Ps; = 185 


The unknown quantities are calculated as follows: 


a, @) = ea) =a OM 0139725) 


485 
GA 43" 
cos 6 = 0.9966 
; 485 X 0.1226 _ 
sin 9 2X 185 0.161 
@ = 9° 15! 
By formula (112) B = 6+ ¢ = 13° 58’ 
cos) 8B =10:971 
sin 6 = 0.2413 
By (113) P;,, = 185 X 0.971.= 180.1b. 
By (114) Pay = 185 X 0.2413 = 44.6 lb. 
44.6 X 0.9966 _ 
By (116) lp Pia 0.1296 = 364 ft. 
2 
SP EALoUY (aah nee eon 


~ 2X 180 X 0.9966 

Thus the sag below the bottom support will be 5.2 ft. when the 
maximum tension is 185 lb. 

If it is desired to avoid the use of trigonometrical tables, the 
procedure would be as follows; but the assumption now made is 
that the known tensionis the horizontal component, or P;, = 1801b. 

The straight-line distance between the two points of support 
is / = Vl? + h? = ~/(485)? + (40)? = 486.5 ft. (approx.). 

By formula (117) 

ee 0.1226 X 486.5 | 40 x 180 
aa 2 485 


= 44.65 lb. 


By formula (118) 


ieesoag 5 40 X 180 


0.1226 < 486.5 


= 363 ft. (approx.) 


and 
yy es Abel = BLOR) = IP at. 


The sag s measured from the lowest support is given by 


formula (121) wherein cos @ can be replaced by " Thus, 


_ 0.1226 (122)? x 486.5 _ 
SO Shai a 
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which is probably more accurate than the dimension 5.2 obtained 
in the preceding calculation by subtracting h from the total 
sag (measured from the upper support). No high degree of 
accuracy is claimed for the results of these numerical examples, 
the calculations being made on the slide-rule. 

129. Conclusions—Overhead Lines on Steep Grade.—Except 
for the fact that the pole foundations must be wisely chosen, and 
special attention paid to the setting of the poles, there are no 
engineering difficulties in the way of running an overhead line 
up a steep incline. It may be well to reduce the length of span 
measured horizontally so that this is equal to about l’ cos @, 
where l’ is the distance between supports on level ground, and @ is 
the angle which the average slope of the line makes with the 
horizontal. This will ensure that the vertical load to be sup- 
ported by the insulators does not exceed the vertical load on the 
level runs; but no difficulty need be experienced in arranging 
for each pole to take its proper share of the weight of the wire 
(with or without ice loading). 

The stringing of the wires may be done with the aid of a dyna- 
mometer; or the deflection, as calculated by formula (122), can be 
measured by sighting from pole to pole. If the poles or suspen- 
sion insulators of a line carried on an incline are deflected from the 
vertical owing to the unbalancing of horizontal forces, at the 
time when the wires are strung, the effect must be attributed to 
incompetence on the part of the engineer in charge of construction, 
and not to any unexplained flaw in the known laws of equilib- 
rium. If the conductor is tied to the insulator at the proper 
point, the horizontal components of the forces at this point will 
balance, end the only forces which the insulators will have to 
resist, when the conductors are hanging under normal conditions 
in still air, are those due to gravity acting vertically downward: 
there should be no unbalanced forces tending to move the point 
of support in the direction of the line, either up or down the 
hill-side. 

130. Effect of Temperature Variations on Overhead Wires.— 
If a is the temperature coefficient of the material of the conductor 
(see the table of constants in Chapter IV, page 75), then the 
length of the wire when the temperature is raised ¢ degrees is, 


Ne eat) (124) 


in which ., is the original length of the wire. 
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This formula assumes that the wire is unstressed, or that the 
stress remains unaltered notwithstanding the increase in tem- 
perature. This, however, is not the case with an overhead con- 
ductor. As indicated by formula (102), the tension in a wire sus- 
pended horizontally between two fixed supports is almost exactly 
proportional to the square of the span, and inversely proportional 
to the sag at center of span. The effect of temperature variation 
is to alter the length of wire and therefore the amount of sag 
and tension. With a reduction of temperature, the length of 
wire will decrease; this will cause an increase in the tension, 
but owing to the fact that the wire will stretch under the influence 
of the increased tension, the sag at the lower temperatures will 
be somewhat greater than it would be if there were no elonga- 
tion of the wires with increase of stress. All sag-temperature 
calculations, whatever the method adopted, must therefore take 
into account not only the effect of elongation with increase of 
temperature, but also the effect of the elastic contraction of the 
wire with increase of sag. 

If P is the tension in a wire of cross-section A, and if M is the 
elastic modulus (as given for various materials in the Table of 
Article 41, Chapter IV, p. 75), then the elongation of the wire 
due to the tension P is, 

eS 
= ASM. 
the original length of the wire being X. 
If instead of - the letter S be used to denote the stress in 


pounds per square inch of cross-section, the formula becomes 
S 

he =X ae (125) 

It is customary to assume that the material of the conductors 

is perfectly elastic up to a certain critical stress known as the 
elastic limit; that is to say, if the application of a certain stress 
produces a strain represented by i,, it is assumed that, on the 
removal of the stress, the conductor will contract to its original - 
length \, and that this process of elongation and contraction 
follows a straight-line law. This is not scientifically correct, 
because, on removal of load, the amount of contraction is not 
directly proportional to the decrease of stress; but the depart- 
ure from the straight-line law is not considerable, and no serious 
error is introduced by disregarding refinements of this nature. 
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A matter of greater importance is the fact that, when stranded 
conductors are used, the ratio between stress and strain is not 
correctly given by the modulus M as calculated from tests made 
on solid wires. The modulus for stranded cables will depend 
upon the number of strands, the “ay’’ of the strands, whether 
the central core is of metal or hemp, etc., and it should be deter- 
mined by actual tests on samples of the completed cable; but 
since it will depend largely on the stress to which the cable has 
been subjected, and will ultimately differ little from the coeffi- 
cient for solid wires, it is usual in sag calculations to use the same 
value of M for both solid and stranded conductors. Great 
accuracy in sag-temperature calculations is only necessary in 
the case of very long spans (1000 feet, and over). 

A very simple and convenient diagram may be constructed, 
by which the elongation of a conductor owing to change of stress 
or temperature, acting either singly or jointly, can readily be 
ascertained. Fig. 95 shows such a diagram, constructed for 
stranded conductors of either copper or aluminum. Referring to 
the vertical scales from left of diegram to.center, if a straight 
line be drawn from a point on scale 1 corresponding to the 
stress in a copper conductor, to a point on the center scale cor- 
responding to the temperature, the point at which this line 
crosses scale 2 will indicate the increase in length above the con- 
dition of zero stress and zero temperature. This increase in 
length is expressed as a percentage, such as feet per hundred feet 
of the conductor. 

As an example, an increase in length of 0.1 per cent. of a copper 
conductor will occur 

(a) When the stress remains constant and the temperature 
increases 104°. : 

(b) When the temperature remains constant and the stress 
increases 15,000 lb. per square inch. 

(c) When the stress increases from 12,000 to 15,500 Ib. per 
square inch at the same time as the temperature falls from 137 
{on re the 

The vertical scales 4 and 5 are used in a similar manner with 
the common temperature scale for determining the changes in 
length of stranded aluminum conductors. 

The value of M for stranded aluminum conductors which has 
been used in constructing the diagram Fig. 95, is 7,500,000 instead 
of the value M = 9,000,000 which is more frequently used in sag- 
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temperature calculations. If it is desired to use the larger figure 
for this modulus, the stress as read off the center scale for Alumt- 
num, must be multiplied by 1.2. 
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Fic. 95.—Chart for calculating changes in length of overhead conductors. 
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131. Abnormal Stresses in Wires Due to Wind and Ice.— 
When a wire hangs between horizontal supports in still air under 
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the influence of its own weight only, the tension at center of span 
for a definite distance between supports and a definite sag at 
center will be proportional to the weight per foot length of the 
wire. When loaded with sleet or ice, or subject to wind pressures, 
or a combination of both these additional loads, the calculations 
of the proper sag to allow are based on the assumption that the 
weight per foot is no longer that of the wire only, but n times 
this amount; where n is a factor depending upon the character 
and amount of the abnormal loading that the wire is likely to be 
subjected to. 

Ice and Sleet—The effect of snow and sleet adhering to the 
wires, and forming an ice coating of variable thickness, is to add 
to the dead weight of the wires and offer an increased surface to 
wind blowing across the line. Sleet will generally collect with 
shightly greater thickness near the lowest point of the span, 
but it is usual to assume that the extra vertical loading is uni- 
formly distributed over the whole length of the span. Mr. Max 
N. Collbohm! says that in the winter of 1908—9, in Wisconsin and 
neighboring States, the snowstorm of January 28 covered nearly 
all overhead wires with sleet and snow 214 in. to 4 in. diameter. 
The temperature went down to 4° F. below zero, while a wind 
velocity of 40 miles per hour was recorded. These conditions 
were, of course, exceptional; at the same time an average coat- 
ing of sleet and snow weighing 14 lb. per foot of wire is not 
unusual. <A coating of ice 14 in. thick on wires running through 
districts where sleet and low temperatures are common is gener- 
ally allowed for in calculations. Sometimes this is increased to 
a radial thickness of 34 in. Sleet deposits 6 in. in diameter 
have actually been observed on some of the steel conductors of 
the Central Colorado Power Company. The weather condi- 
tions in some of the passes through which this line is carried are, 
however, particularly severe. 

Taking the weight of sleet at 57.3 lb. per cubic foot, the total 
weight per foot of the loaded conductor is w + 1.25¢ (d + t) 
where w is the weight of the wire; t, the radial thickness of sleet 
(assumed to be of circular section), and d, the diameter of the 
uncoated wire; these dimensions being expressed in inches. 
Thus, in the case of a No. 0 B. &S. gauge wire, d equals 0.325 in., 
and assuming ¢ equals 0.5 in., the weight of the ice coating is 
1.25 < 0.5 X 0.825 = 0.516 lb., or about 1%. lb: per foot run, 

1 Electrical World, New York, March 25, 1909, p. 734, 
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which is a common allowance to make for ice loads-on wires of 
average size. 

Effect of Material of Conductor on Sleet Deposits —lIt is fre- 
quently contended that sleet does not deposit readily on alumi- 
num owing to the greasy character of the oxide which forms on 
the surface of aluminum conductors. The experience of many 
engineers does not, however, confirm this. Mr. W. T. Taylor 
says that copper collects a little more sleet than aluminum. 
He bases this statement on observations on long-distance tele- 
phone lines in California, where copper and aluminum conductors 
run side by side. Mr. E. H. Farrand! has observed copper wire 
accumulate snow to the extent of 3 in. in diameter in a few min- 
utes, while iron wire took a coating 14 in. to 1 in. thick; but after 
a short time the wires of both materials had accumulated snow to 
the same diameter. Messrs. R. B. Matthews and C. T. Wilkin- 
son? have made many observations in the sleet districts of the 
United States, and they are of opinion that an aluminum con- 
ductor will collect as much sleet and ice as copper or steel wires. 

When wires are hung vertically one above the other, in the 
manner frequently adopted in the earlier constructions for double- 
circuit lines, there is the possibility of sleet falling off one of the 
lower wires, while the upper wire remains heavily loaded and 
with considerable sag. This might cause the lower wire to rise 
into contact with the upper wire. With this possibility in 
mind, the disposition or spacing can be made so that short- 
circuits due to this cause are not likely to occur. 

Sleet storms are not infrequently followed by low tempera- 
tures and high winds. The loading—especially when the 
conductors are of small diameter—is then lable to be so great 
that it may be false economy to guard against it by increasing 
the factor of safety. It is probable that means will be adopted in 
the future to prevent the formation of sleet deposits on overhead 
power conductors by passing sufficient current through them to 
raise the temperature above that at which the deposit will form. 
On many systems it is possible to increase the current in the lines - 
by controlling the power factor of the load. Users of power 
might assist in maintaining service during severe sleet storms by 
under exciting synchronous motors connected to the transmission 

1 Journal of the Inst. E. E., p. 659, vol. 46 (1911). 

2“Hixtra High Pressure Transmission Lines.” Jour. Inst. E. E., p. 573, 
vol. 46 (1911). 
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system. If sufficient current cannot be obtained by such means, 
the procedure on systems where there is a duplicate line would 
be to throw all the load on one line and pass a suitable current, 
through the spare line which would be disconnected from the 
load and short-circuited at the receiving end. 

The watts per square inch of cooling surface necessary to raise 
the temperature sufficiently to prevent sleet deposits will depend 
largely upon whether or not there is much wind at the time of the 
sleet storm; but something under !4 watt per square inch should 
suffice. This is a problem in connection with which data obtained 
from various districts where sleet deposits are common would be 
valuable. 

Wind Pressures—The pressures due to winds of high velocity 
acting on poles and wires in a direction approximately at right 
angles to the transmission line are of great importance, both 
where sleet formation is possible, and in districts where sleet 
cannot form. In the latter case, the velocity of the wind is 
frequently greater than in the colder districts; but, on the other 
hand, a moderate wind acting on the larger diameter of ice- 
coated wires will generally lead to the greatest stressing of 
the conductor material. The maximum wind velocities rarely 
occur at the lowest temperatures, but falling temperatures and 
rising wind are not unusual after sleet storms. In mountainous 
districts a transmission line may be subjected at certain points 
to gusts of wind blowing almost vertically downward; the pres- 
sure in such a case, being directly added to the weight of wire 
and the ice load, may lead to more serious results than an even 
stronger wind blowing horizontally across the line. 

Numerous observations have been made on wind pressures, 
and it is found that the pressure exerted on small surfaces is 
proportional to the square of the wind velocity. It will also 
depend to some small extent upon the density of the air, or 
the barometric pressure; but the correction for barometric 
pressure is usually not worth making. 

Wind Velocity—It is well to distinguish between indicated 
and true wind velocities. The United States Weather Bureau 
observations are made with the cup anemometer, and wind 
velocities over short periods of time are calculated on the as- 
sumption that the velocity of the cups is one-third of the true 
velocity of the wind, for great and small velocities alike. This 
assumption is not justifiable, and a correction must therefore be 
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made in order to convert the Weather Bureau recorded velocities 
into true velocities. The actual wind velocities corresponding 
to definite indicated velocities, as given by the U. 8. Weather 
Reports, are as follows: 


Winp Vexocity: MILES prr Hour 


Indicated Actual 

tL ORS Se mestitn ceca sh raric We ie ere eR ar ase eines 9.6 
DADE ort ice ae dew Bd ce. AGES Pies Ai dmtr Caen omen seer 17.8 
ale al dicount ern RCN ee NC eR ER RT ned Sore eon e 25 7 
PLUS 5 on os ceed eR BA or Waster PRAMS on ER CUE Ee 33.3 
1 Wis cascada, Ree eecoehscn eect SNe oid TN oe Mec kcatod ROME tira Coe 40.8 
(OO) a Rarer ongtie Meche ence eee ots Curd Oates ser over che tocoet 48.0 
TAU) Sed Perth is Me aes ease cc han aOR Pet ohio 55.2 
tOLODE (Ja-cod a Tate Oar NEA Goce eae ne Meee CNS erect i, nee 62.2 
WAS Sa-citere oe a Reon eanettrhenses Chelona one ci terk ine ear ne takceme 69.2 
TOTO notte, BAU SnA Caesarea | eS n/t eat Gino WR Wb 76.2 


Unless otherwise stated, when wind velocity is referred to, 
this must be understood to be the true velocity. 

Formulas for Wind Pressures—The formula proposed by the 
U.S. Weather Bureau (Professor C. F. Marvin), giving pressure 
in pounds per square foot on small flat surfaces normal to the 
direction of the wind is: 

= B 2 
Fz 0.004 55 V (126) 
where B is the barometric reading in inches, and V is the wind 
velocity in miles per hour. Other formulas are: 
Tea LGV ements areas Lyset Chcen re ee F = 0.0036V2 


SIMEATOMN aoe RG Tee ee eee ee ee oe li ~ 0.0052 
ik Mod . 


In the case of cylindrical wires, the pressure per square foot 
of projected area is less than on flat surfaces. The formula 
proposed by Mr. H. W. Buck,! and generally conceded to be 
correct is: 

F = 0.0025V? (127) - 
where F is the pressure per square foot of projected surface of a 
cylindrical wire. A more convenient form of expression for this 
relation is: 
ee 
P = 5000 
1JIn paper read at the World’s Fair, St. Louis, 1904, 


(128) 
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where p is the pressure per foot length of the wire and d is the 
diameter of the wire in inches; and the denominator, although 
not exactly as obtained from Mr. Buck’s equation, is an easily 
remembered round number, which is very close to the average 
of many experimental results. The upper curve in Fig. 96 
has been plotted from Mr. Buck’s formula for cylindrical wires; 
while the lower curve for pressures on flat surfaces gives the rela- 
tion between pressure and wind velocity according to Professor 
Langley’s formula. 
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Fic. 96.—Curves giving relation between wind velocity and resulting pressure. 


Relation between Wind Velocity and Height above Ground.— 
Owing to the resistance offered by the ground surface, the force 
of the wind is not so great near the ground as at higher altitudes, 
and greater maximum wind pressures on wires must be allowed 
for when the line is carried on high steel structures than in the 
case of the average wood pole line, as used for the lower voltage 
transmissions. 

Mr. F. F. Fowle! has given valuable particulars based on 
maximum wind velocities at different elevations, observed in 
Chicago, from which the curve of Fig. 97 has been plotted. It 
will be seen that, at the average elevation of transmission line 
wires (25 to 45 ft.), the probable maximum wind velocity is less 


1A Study of Sleet Loads and Wind Velocities.”” lectrical World,. New 
York, October 27, 1910. 
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than half what it would be at 100 ft. above ground, and only 
about one-third of what may be expected at an elevation of 300 ft. 

Mr. Fowle suggests that overhead line calculations might be 
based on a maximum wind velocity of 47 miles per hour for 
ordinary steel tower construction, and 40 miles for wood pole 
lines. These are probably safe limits, especially in climates 
where this maximum wind pressure is considered as acting on 
ice-coated wires. In exposed positions, and where the line runs 
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Fic. 97.—Maximum wind velocities at different clevations. 


through wide stretches of open country, it is well to allow a 
maximum of 60 for steel tower lines, and 50 for wood pole lines. 

According to Mr. Fowle, the wind velocity very rarely exceeds 
50 miles in Chicago, the maximum recorded during a period of 
thirty-six years being 84, while 90 miles per hour has been re- 
corded in Buffalo. Wind velocities of 53, and on one occasion 
60 miles, have been recorded during sleet storms; but such 
velocities are exceptionally high. 

The revised British Board of Trade requirements for the cal- 
culation of pole lines are a limit of 25 lb. per square foot on flat 
surfaces, and 25 X 0.6 = 15 lb. on the projected surface of 
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cylindrical poles and wires. No allowance for ice coating is made; 
but since it is specifically stated that no allowance is to be made 
for the elasticity of the wires, and the factors of safety insisted 
upon are 5 for wires, 6 for steel poles, and 10 for wood poles, 
there is very little danger of electric power lines being damaged 
by storms in England. Whether or not such stringent regula- 
tions are necessary, or likely to encourage the development of 
power transmission schemes, is another question, the answer to 
which is generally known. 

Calculations based on British B. O. T. requirements are made 
for a temperature of 22°F. At this temperature, the sag of a No. 
2/0 copper conductor on a 600-ft. span would be 24.6 ft. to satisfy 
the requirements. At 122° F. (the approximate maximum sum- 
mer sun temperature in England) the sag of the same wire would 
be 33 feet. With aluminum conductors the conditions would 
be worse. 

In America, where the weather conditions are more severe, the 
larger and more economical spans are very common; but 
there are few interruptions to service due to broken wires not- 
withstanding the smaller factors of safety as usually employed 

_on this side of the Atlantic. The fact that an overhead trans- 
mission line is a very flexible and elastic structure appears fre- 
quently to be overlooked by the inventors whose genius finds an 
outlet in the framing of rules and regulations. 

The Committee on Overhead Line Construction, appointed by 
the National Electric Light Association of New York, assumes a 
half-inch ice coating for all sizes of conductors, and maximum 
wind velocities of 50 to 60 miles per hour. This committee states 
that 62 miles is a velocity not likely to be exceeded during the 
cold months. 

Three classes of loading are considered by the Joint Committee 
on Overhead Crossings, particulars of which are as follows: 


; Horizontal component, 
Class of loading Vertical component lb. per sq. ft. of 
projected area 


ANT ea NTe TRING sot tan oe te dead 15 
Deere te AO? eters caretea She cotta eailar oot dead + 4-in. ice 
(Ole REE ace ths eotesvates EERO TORE dead + 34-in. ice ite 


For the class B loading the ordinary range of temperature is 
given as —20 to 120° F. For the calculation of pressures on 
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supporting structures the requirements are 13 lb. per square foot 
on the projected area of closed or solid structures, or on 1144 
times the projected area of latticed structures. The same Joint 
Committee allows a safe stress on copper 50 per cent. of ultimate 
breaking stress—that is to say, the wires may be stressed to a 
point very near to the elastic limit. 

The proposed National Standards, as formulated by the Bureau 
of Standards, U. 8. Dept. of Commerce! cover three grades of 
overhead construction: 


(a) power lines crossing railways; 

(b) power lines crossing unimportant railways; 

(c) power lines in country districts where the risk of 
accident from falling wires is small. 


Three classes of loading are also considered: 

(1) Heavy loading: the resultant, at a temperature of 0° F., 
due to dead weight of wire plus 14 in. radial thickness of ice, 
with horizontal wind pressure of 8 lb. per sq. ft. of the projected 
surface of the ice-coated wire. 

(2) Medium loading: at a temperature of 15° F., a total 
load equal to 24 of (1) with a minimum of 1.25 times the dead 
weight of the conductor (without ice covering). : 

(3) Light loading: at a temperature of 30° F., a total load 
equal to 24 of (2) or 46 of (1) with a minimum of 1.25 times the 
dead weight of the conductor (without ice covering). 

The Board of Railway Commissioners for Canada specifies for 
H. T. wires crossing railways, a factor of safety of 2 when wires 
are coated with ice or sleet to a depth of 1 in., and subject to 
wind pressure of 100 miles per hour. This combination of ab- 
normal loads being more or less imaginary, it is probable that the 
factor of safety is actually about 6, which appears to be un- | 
necessarily high. 

A more reasonable specification for railroad crossings—al- 
though probably unduly severe, and therefore leading to un- 
necessary capital outlay—is that of the New York Central & 
Hudson River Railroad, which provides for 1% in. ice coating 
with a wind pressure of 20 lb. per sq. ft. of projected area, and a 
limiting stress equal to 449 of the ultimate stress of the wire. 


‘Taken from the National Electric Safety Code, second edition, Nov, 15, 
1916. 
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132. Swaying of Wires in Strong Winds.—If a transmission 
line is well designed and constructed, all the wires of one span will 
generally be found to swing synchronously in any wind. Under 
exceptional conditions, however, trouble is liable to occur through 
wires swinging together, even when all details of design and con- 
struction have received careful attention. Troubles of this 
description are more likely to be met with when the spans are 
long and the sag in the wires necessarily large, and for this 
reason the spacing between wires must increase with increase 
of span length, irrespective of voltage considerations. Copper 
conductors are decidedly less likely to swing out of synchronism 
than aluminum conductors; not only because the latter have 
usually to be strung with a greater sag, but also because of the 
lightness of the material. Aluminum conductors of small see- 
tion are easily shaken by sudden gusts of wind, and a little 
difference in sag will in all probability lead to non-synchronous 
swinging. It must not be overlooked that wires, after erection, 
do not always remain equally taut. This may be due to many 
causes, such as a slight slipping in the ties, straining of insulator 
pins on cross-arms, unequal ice loading, or local faults in the 
wires themselves. Again, it has been observed that during 
snow storms all the wires do not always become coated to an 
equal extent, and such a want of uniformity in the ice coating 
may well lead to wires being blown together in a strong wind. 

On the high-tension transmission system of the Central 
Colorado Power Company, with spans averaging 730 ft., the 
lines cross some very exposed positions at the openings to can- 
yons, and the excessively strong winds that occur at such points 
have been known to mix up the conductors. It was found 
necessary to dead-end the line at each tower, guy the towers, and 
increase the tension in the wires to a point near the elastic limit of 
the material, steel being used where necessary in lieu of copper. 

133. Calculation of Total Stress in Overhead Wires.—The 
formula (101) of Article 125 gives the relation between tension, 
sag, and weight for a wire strung between supports a known 
distance apart. Thus, if the tension, P, is known or assumed, 
the sag can readily be calculated. We shall now consider how 
this tension can be computed, not only when the wire carries an 
increased vertical load in the form of ice deposit; but also when 
the effect of wind blowing across the line increases the total stress. 

If w, is the total loading in lb. per foot run of the wire, and w 

18 
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is the weight in lb. per foot length of the unloaded wire, then 
w, = nw, where n is a multiplier which takes account of the 
extra load on the wire under the most severe weather conditions 
likely to be encountered in the district where the transmission 
line is erected. 

It is usual to assume that the wind pressure acts in a horizontal 
direction and that the total load on a conductor is the resultant 
of two forces, one acting vertically 
downward due to weight of wire 
together with added weight of sleet 
or ice, if any, and one acting hori- 
zontally due to the wind. pressure. 
These forces are indicated in Fig. 98 
where Op represents the wind pressure, 
Ow the weight of the conductor, and 
ww, the added weight of ice. The 
Wy - resultant pressure Ow, is equal to 

Fig, 98.—Vector diagram of ~/ p?+w. If the line runs through 
eee acting on overhead » country where slect does not form 

on the wires the maximum resultant 
pressure is Or instead of Ow, if the assumed maximum force due 
to wind is the same in both cases. : 

The diagram Iig. 99 gives values of the multiplier 7 (7.e., the 
ratio Or + Ow of Fig. 98) corresponding to various wind veloci- 
ties for standard sizes of solid copper conductors on the assump- 
tion that there can be no ice formation on the wires, while Fig. 
100 gives values of n (z.e., the ratio Ow, + Ow) for copper con- 
ductors when the weight is increased by a coating of ice 0.5 in. 
thick with a correspondingly greater wind effect due to the in- 
creased diameter. The curves of Figs. 101 and 102 give similar 
relations but for conductors of aluminum instead of copper. 

The formula used for the calculation of wind pressure in con- 
nection with these diagrams is 


O 


p = dV? + 4820 


where d is the diameter in inches of the conductor or of the ice 
coating, as the case may be; V is the actual wind velocity in 
miles per hour, and p is the wina pressure in pounds per foot 
length of conductor. 

This is the more correct form of the formula (128) already 
given. When using the diagrams, it should be noted that the 
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distances plotted horizontally represent the squares of the wind 
velocities, and the sizes of the conductors are expressed in equiva- 
lent B. & S. gauge numbers or in circular mils for the larger sizes. 
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Fie. 100.—Chart giving factor n for ice-coated 
copper conductors 
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The curves of Fig. 99 are correct for solid copper wires: the 
values of n for stranded conductors would be somewhat greater 
because of the larger surface presented to the wind for the same 
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vertical loading. The error introduced by using Fig. 99 for 
stranded cables is not of great practical importance. 

The curves of Fig. 101 are approximately correct for stranded 
aluminum conductors; but since the actual diameter will vary 
with the method of stranding, these charts are intended only for 
the use of practical engineers who are not interested in mathe- 
matical niceties. The calculations, on the basis of the assump- 
tions previously made, are, however, very simple. Thus, if 
6 stands for the angle wOr or w,0w, as the case may be (see Fig. 
98), we may write: 
horizontal loading 

vertical loading 


tans 


whence §, and therefore sec @ can be obtained from trigonomet- 
resultant loading 
vertical loading 
is the required factor » when ice loading is not considered. 
The correction to be made when the vertical load includes ice 
deposit is simple and obvious. 

The special case of solid wires without ice coating can be 
treated as follows: 


rical tables. This last quantity, being the ratio 


‘ dV? 
Wind pressure per foot length........... P = 4890 
Vertical load per foot length (copper)..... w = 3.02d? 


Vertical load per foot length (aluminum), w = 0.92d? 


Se eee pe (129) 


whence, for solid wires without ice deposit, 


V4 
GAT OD OD Dera NE + @ X< 21,200 X 104 nen) 
V4 
d? X 1965 X 108 


n (for aluminum) = i ate (131) 
Example: What is the ratio of the resultant load with actual 
wind velocity of 70 miles per hour, to normal load with wire 
hanging in still air, in the case of a No. 6 B. & S. copper 
conductor? 
The diameter is d = 0.162 in., and by formula (130) 


<x 104 5 
age vit: Sy THe . 21,200 x 108 7°? 
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134. Effect of Temperature Variations on Sag and Stress.— 
Assuming the tension at all parts of the wire to be the same, and 
equal to P lb., the formula (102) of Article 125 may be written: 

wl 
ie (132) 
where / and s are in feet, and w is the weight per foot of the wire. 
If wind or ice or both result in a loading per lineal foot equal to 
to nw, it follows that the tension in the loaded wire is now n 
times as great. If the symbol S be used to denote the stress 
or tension in the wire per square inch of cross-section, the formula 
giving the relation between tension and sag may be written, 


P= 


S =kn - (133) 


in which & is constant for a given material; it is equal to ai where 


A is the cross-section of the conductor in square inches. The 
numerical value of k& is therefore one-eighth of the weight in 
pounds of 12 cu. in. of conductor material, or 1.5 times the weight 
of a cubic inch. The values of k, together with ultimate and 
working values of the stress S, will be found in the table of physical 
constants in Article 41 of Chapter IV (p. 75). The length of wire 
between fixed supports of equal height bears a definite relation 
to the span and sag. This relation, as already given, is: 
"Ss 

N= I+ 3) (111) 
where 1 is the distance between supports and s the sag at center, 
both expressed in feet. 

The increase in length due to stress will be directly propor- 
tional to the tension per square inch (S) provided the elastic limit 
of the material is not exceeded. The approximate elastic limit 
for conductor materials is given in the table of Chapter IV. 
The formula for elastic stretching, as already given, is 

S 


where ) is the length of wire when S = 0, X, is the elongation due 
to the stress S, and M is the elastic modulus. 
The increase of length due to rise of temperature, on the as- 
sumption that stress remains unaltered, is: 
Nexon, & (134) 
where a is the temperature-elongation coefficient. 
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Values of k, a, M and the maximum safe working stress S, 
taken from the data in Chapter IV, are as follows: 


ONC OPDCLA Mes dew, suplen eee Rete: k = 0.485; a = 0.0000096; M = 
15,000,000; S = 28,000 

or GulimTNINWHI, 955 50060nn06ennogdoade k = 0.146; a = 0.0000128; M = 
9,000,000; S = 13,000 

For copper-clad steel (40 per cent.)..... k = 0.447; a = 0.0000067; M = 
20,000,000; S = 40,000 

HOT OMRWALeHRen ea ceree ea ce ae k = 0.423; a = 0.0000066; M = 
25,000 000; S = 26,000 

For Siemens-Martin steel.............. k = 0.427; a = 0.0000066; M = 


29,000,000; S = 33,000 


It is a simple matter to calculate by means of formula (132) 
or the modified formula (133) the sag corresponding to any 
span (/), load (mw) and tension (S), and by using either of 
these formulas, the minimum allowable sag, for the safe limiting 
tension when the wire is subject to the greatest expected load 
in the matter of ice and wind pressure, should be determined in 
the first instance. Having determined the amount of this sag— 
which should be that corresponding to the lowest expected tem- 
perature—the length of the wire in the span can readily be cal- 
culated by means of formula (111). 

The calculation of the sags and corresponding tensions at other 
temperatures and under other conditions of loading is not by 
any means so simple a matter, because the alteration in the 
length of the conductor depends not only upon the temperature, 
but also upon the tension. If the extra load on the conductor 
due to wind pressure and ice (if any) be removed, the sag will 
adjust itself until the formula (132) is again satisfied, the weight 
w being in this case that of the wire only. A further condition 
is that the length of wire shall be equal to the length as origi- 
nally calculated for the loaded wire, less the elastic contraction 
due to the reduction in the tension. If the temperature be now 
supposed to rise, the length of the wire will increase, but not in di- 
rect proportion to the temperature rise as indicated by formula 
(134) because so soon as there is any increase in length leading to 
an increased sag, the tension in the wire is immediately relieved, 
and since it is assumed that the elastic limit has not been ex- 
ceeded there will be a reduction in length which could be cal- 
culated by formula (125) if the amount by which the tension is re- 
lieved were known. 
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A mathematical formula which expresses the required length 
or sag under normal conditions, in terms of the length correspond- 
ing to minimum temperature and heaviest loading, is very com- 
plex and difficult of solution. Mr. H. J. Glaubitz! has evolved an 
equation in which the first and third power of the unknown 
quantity (the deflection or sag) appear simultaneously. The 
solution of such an equation is tedious and is usually accomplished 
with the assistance of more or less scientific guesswork. A 
graphical method, which is probably in more general use, consists 
in plotting two curves, one showing the relation between sag and 
tension for the selected span when the wire hangs naturally under 
its own weight only, and another curve calculated for a definite 
constant temperature and giving the relation between sag and 
tension when a wire of definite known length under a known 
tension is subjected to various assumed changes in the tension. 
The point where the two curves cross will indicate the required 
conditions of sag and tension. This process is a lengthy and 
laborious one and has to be repeated for every assumed change of 
temperature. 

Graphical methods of calculating sags or tensions under 
various conditions of temperature and load are quite accurate 
enough for practical purposes, and since the material published 
in this connection is so abundant and varied that there is room for 
individual choice in the selection of a particular method, or 
chart, or combination of charts and diagrams, the needs of the 
engineer who prefers graphical methods to the more lengthy 
analytical processes, are easily satisfied. 

For one who is working constantly on the same kind of problem, 
diagrams or charts are usualy of very great assistance; but if a 
method involving any but the simplest diagrams is not made use 


1 Hlectrical World, March 25, 1900, p. 731. The reader may also refer to 
the Electrical World of July 13, 1912, p. 101, where Mr. H. V. Carpenter 
evolves a formula containing the third and first powers of the unknown 
quantity, and proposes a chart to assist in arriving at the solution. An 
excellent article on Sags and Tensions in wire spans from the pen of Dr. 
Harold Pender appeared on page 604 of the Electrical World of Sept. 28, 
1907. Among more recent contributions there is an article by Mr. K. L. 
Wilkinson in the Electrical World of Feb. 6, 1915, and a paper by Mr. A. T. 
Arnall on p. 360 of vol. cci (June, 1916) of the Proceedings of the Institution 
of Civil Engineers (England). Practical suggestions for solving the equa- 
tions containing the third power together with the first or second power of 
the unknown quantity are made in these papers. 
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of very frequently, mistakes are likely to occur, or else the time 
spent in re-studying the method of procedure leaves the graph- 
ical treatment without advantage over the more tedious process 
involving the solution of mathematical equations. 

The writer has always found charts or diagrams of great 
assistance in practical engineering work, and in the first edition 
of this book an accurate method of solving sag-temperature 
problems by means of two superimposed diagrams was described; 
but, for the reasons above given and also to avoid the introduc- 
tion of unnecessary material, the graphical method of procedure 
is omitted from this edition. The analytical method about 
to be described does not require the solution of equations con- 
taining the third and other powers of the unknown quantity: 
it is accurate, and does not include any difficult mathematical 
processes. 

135. Calculation of Sags and Tensions under any Conditions 
of Load and Temperature.—This method of calculation requires 
the knowledge of the sag and tension corresponding to one par- 
ticular temperature. A different sag is then assumed, and the 
temperature at which this sag will occur is calculated by means of 
a simple formula. The manner of obtaining the preliminary data 
will be explained later. 

It is assumed that the conductor is strung between two fixed 
supports on the same level, and that the material of the conductor 
is not strained beyond the elastic limit. 

The meaning of the symbols used is as follows: 


1 = the length of span, or horizontal distance between 
points of support, in feet. 

s = the vertical sag at center of span, in feet, when wire 
hangs in still air under the influence of its own weight 
only. 

P = the tension in the conductor at the lowest point of 
span, in pounds. 

S = the stress in the conductor at the lowest point of span, 
in pounds per square inch of cross-section. 

\ = the length of conductor measured between the two 
points of support. 

t = temperature, in degrees Fahrenheit. 

Sc, Sey Nc = known values of sag, stress and length cor- 
responding to a definite temperature ¢., when wire 
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hangs in still air under the influence of its own weight 
only. 

a = the coefficient of linear expansion of the conductor per 
degree Fahrenheit. 

M =the modulus, or coefficient, of elasticity of the con- 
ductor, being the ratio of stress in pounds per square 
inch to extension per unit length. 

w = the weight of conductor in pounds per foot of length. 

w, = the resultant or total load in pounds, per foot, includ- 
ing wind pressure and ice (if any). 

n =a multiplier depending on the material of the con- 
ductor and weather conditions, being the ratio 
w,/w, when supports are on the same level. 

k = a constant depending upon the material ofthe con- 
ductor, being 1.5 times the weight in pounds of a 
cubic inch of the conductor material. 


The well-known formula giving the relation between sag, 
length of span, horizontal load, and tension is: 


sake (101) 


The approximate formula for the length of a parabolic curve 
(which is quite sufficiently accurate for all practical purposes) is: 


8s? 
Aa=l+ 31 mena) 


It is assumed that the sag s,, and therefore the corresponding 
stress S, and length d, are known for the particular temperature 
t-.. which may be fairly high so that another value, s, of the sag, 
arbitrarily chosen, shall be smaller than s,; and it is proposed to 
calculate the temperature ¢ which will correspond to this assumed 
sag, s. 

With the reduction in the amount of sag, there must of neces- 
sity be a reduction in the length X, of the conductor and an in- | 
crease in the tension P, or stress S,. The amount by which the 
length has decreased is not directly proportional to the reduc- 
tion in temperature, because the increase in tension causes an 
elastic elongation of the conductor, and the reduction in length 
is actually the difference between the amount by which the wire 
would contract with the lowering of the temperature if the ten- 
sion were to remain constant, and the amount by which the wire 
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would be extended, due to the increased tension, if the tempera- 
ture were to remain constant; although, from a strictly scientific 
point of view, the argument may be inaccurate. The decrease 
in length due to temperature reduction is: 


Nee Ete £) (135) 

and the increase in length due to additional tension is: 

NG Se 

(a8: — :), 
or 

Nowa Se 2 

a (* Ee? 1) (136) 
Therefore, 


Neg [Se 
he N= XOX (Le — 1) — F88.(2 1) 
The lengths \ and \, can be eliminated by substituting their 
values in terms of sag and length of span, as given by formula 


(111). This leads to the equation: 
8s. — 8s? AS 
= a —_ See Pe 1) 1 
eS acretiaee TAR Cae 
This formula is very simple to use, because for a given material 
and size of wire, it may be written: 


K, = 8s? >. f Se An \ 
ih aa oe Ks(* 1) (138) 
where K,, Ks, and K; are constants, the values of which are: 
Ke = Sse (139) 
K, = (8l? + 8s.?)a (140) 
ee ; 
US aM C20) 


Moreover, since 8S,? is always very small in comparison with 
312, the constant Kz may, for nearly all practical purposes, be 


written: 
iG = Sal" (approx,) (142) 


This value of Kz may be used for spans up to 500 ft. if the 
multiplier » does not exceed 12, and for spans up to 1000 ft. 
if n does not exceed 6. In the case of longer spans, in which the 
sag is relatively large, or if a closer approximation is required, 
the more exact expression (140) should be used. The only 
unknown quantities in equation (137) or (138) being the sag s 
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and temperature ¢t, it follows that, by inserting any numerical 
value for s in the equation, the change of temperature, and there- 
fore the actual temperature ¢ corresponding to the assumed value 
of the sag, can be readily calculated. In order that this method 
of calculation may be of practical utility, it is necessary that the 
sag s, and the stress S. at the particular temperature ¢, shall be 
known. The fundamental data on which all line calculations are 
based must include the limiting or maximum allowable value of 
the stress and the conditions of maximum loading under the most 
severe weather conditions. The maximum load per foot being 
w, and the weight of the unloaded wire being w, it follows that 


the ratio =n will be greater as the wind conditions, either 


without ice or combined with a coating of ice on the wires, are 
the more severe. The wires will generally be subject to the 
greatest stress at times when strong winds, with or without a coat- 
ing of ice or sleet, occur at a low temperature, because the low- 
ness of the temperature alone will account for a considerable 
increase in the tension. 

If the extra load on the wire due to wind and ice combined is 
great in proportion to the weight of the wire, the maximum de- 
flection will usually occur under winter conditions; but there will 
be a higher temperature at which the sag of the unloaded wire 
hanging in still air, subject to its own weight only, will be exactly 
the same as the deflection under winter conditions when subject 
to wind pressure and extra load of ice (if the line runs through a 
district where sleet and ice formation is possible). This tempera- 
ture, which may be called the critical temperature for the ma- 
terial of the conductor when the maximum winter loading has 
been determined, is easily calculated; and its numerical value, 
together with the known value of the sag under conditions of 
maximum load, and of the tension corresponding to this sag, 
may be used in equation (137) or (138) for the known quantities 
tse and Se. i 


Calculation of Critical Temperature t, 


Let S,, be the stress in the wire under the most severe conditions 
of load, and ¢, the temperature at which this stress occurs. The 
tension S, will be equal to S,, divided by n, because, at the crit- 
ical temperature ¢,, the sag is the same as the maximum deflection 
of the loaded conductor, but the weight per foot of length is in 
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1 S202 wt 
the ratio = oa, (Refer to formula (101), bearing in mind that, 


for any given size of conductor, the stress S is proportional to 
the tension P.) With an increase of temperature from ¢, to t, the 
reduction in stress is 


and the reduction in length of the wire due to this difference of 


tension is 
Xe 1 
a Sm(1—,) 

It is required to calculate the temperature rise (t. — t) which 
will produce an extension exactly equal to this elastic contraction, 
in order that the length \, of the wire, and consequently the sag 
S-, Shall remain as before. 

The extension due to temperature rise is 


Ne x a x ee oF (a) 
and the required equation is: 


de X aX (fe — bh) = 55 Sn (1 — 2) 


or o Zz Sn 1 
Cane a (1 =| (143) 


‘ : ea ys 
The curves in Fig. 103 give the relation between the ratio a 


(being the reciprocal of n) and the temperature rise (¢. — é,) for 
stranded cables of different materials. The values of M and a, 
which have been adopted for the purpose of drawing the diagram, 
are: 


For hard-drawn copper, LU Doe Nae ee) Oot AOR ee el 0 a 
For hard-drawn aluminum, M = 9 X 10®,a=1.28 x 1075 
For galvanized steel, M =-25 <-10% a = 6:5 « 10-° 


Having determined the critical temperature t. at which—it is 
interesting to note—the tension in the wires, if correctly strung, 
will be the same whatever the length of span, the sag s, can be 
calculated by the formula (101), or by the more convenient 
formula: 


2 
Se = (144) 
which can be put in the form 
knl? 
Si = Ta (145) 


286 


In this manner the numerical values of the quantities ¢., s-. and 
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S. for use in formula (137) or (138), are obtained. 


Example.—Construct a sag-temperature chart for the use of 
the construction engineers in the field, based on the following data: 
Horizontal span = 485 ft. with rigid supports on the same 


level. 


Lr a Dm A oo © 
oc oe 6S6 S&S S&S 2S 


30 


Chart giving temperature rise which 
will make sag of stranded conductor 


hangivg unloaded in still air equal 
to deflection under conditions of 
maximum stress — 


4 m_¢, 2 
Ordinates of Curve= - val a) 


Where S7,—maximum stress, lbs. 
per sq.inch 


@ = temp. coefficent 
M =modulus of elasticity 
” =ratio of resultant or 


ee 


total load per foot 
under worst conditions 


0.1 0.2 0.3 
( being reciprocal of multiplier n ) 


Ratio x 


0.4 


to weight per foot of 
unloaded wire 
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Fic. 103.—Chart for determining ‘critical temperature.” 


Conductors: stranded aluminum No. 2/0 B. & S. 


Stress not to exceed S,, = 14,000 lb. per sq. in. with a combined 
load of 0.5 in. ice coating and 47-mile wind at a temperature ¢, = 


= 20 


From Fig. 102, the value of » for V? = (47)? = 2210 is 8, 


whence 


1 


—~ = 0.125. 


n 
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From Fig. 103 (t, — t.) = 106 
whence ic = 106 — 20 = 86° F. 
this being the “critical temperature” at which the vertical sag 
ofthe unloaded conductor hanging in still air will be the same as 
the maximum deflection of the loaded conductor under the speci- 


fied conditions. 
14,000 


Other required values are S, = ee 1750, and k = 0.146. 
B)\2 
Bay femelle) eee ra oe arigGe 


By formula (189), Ki = 8 X (19.6)? = 3070 
By formula (142), Kz = 3 X 485 X 485 X 1.28 X 107° = 9 
1750 & 10° 


By formula (141), K; = 9SC10s 198 15:2 
SOS” 19.6 
By formula (138), (86 — t) = “ma Ie (A = 1) 
a TA ies 
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Fic. 104.—Sag-temperature curve for use when stringing wires. 


By choosing values for s not very different from s. the corre- 
sponding temperatures are easily calculated. Thus 


when s = 1614 ft., = — 15.8° F. 
when s = 1714 ft.,, t= + 154° F. 
when s = 1814 ft., ¢ = + 48.4° F. 
when s = 2014 ft.,t = + 120° F. 


With the aid of these figures a curve such as Fig. 104 is readily 
plotted. This curve gives the men in the field all necessary 
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information for the correct stringing of the conductors, whatever 
may be the temperature when the work is carried out. 

136. Tensions in Conductors when Spans are of Different 
Lengths.—It is well to keep the consecutive spans in a trans- 
mission line as nearly as possible of the same length, because, 
although it is possible to string the wires so that the tension shall 
be the same in all spans at the time of stringing or under specified 
conditions of load and temperature, there will be an unbalancing 
of the tensions in adjoining spans with every change of tempera- 
ture. If properly strung, the wires in long and short spans should 
be subjected to the same maximum tension under the severest 
conditions of loading, and the condition of equal tensions will 
repeat itself at the higher temperature—previously referred to 
as the critical temperature—when the sag of the unloaded con- 
ductor is the same as the deflection of the loaded conductor at the 
lower temperature; but, except when the deflection at center of 
span remains unaltered,! the pull on each side of a supporting 
insulator will be unbalanced. It is partly for this reason that 
extra long spans are usually ‘‘dead-ended’’ on guyed poles or 
strain towers. When calculating sags in spans of different lengths, 
it is therefore not correct to assume that the sag is always directly 
proportional to the square of the length of span; because when the 
wire hangs in still air subject to its own weight only, this propor- 
tionality exists for no other temperature but the critical tempera- 
ture as determined for use in the sag-temperature calculations. 

137. Tension in Different Sized Wires on the Same Span.—It 
may be questioned whether, having calculated the sag-tempera- 
ture conditions for a conductor of diameter dj, there is not a short 
cut by which similar relations can be arrived at for a wire of 
diameter dz when the length of the span, /, remains unaltered. 
There does not appear to be a quick way of obtaining the required 
results; but there is one condition that holds: 


1The condition is that the quantity one shall remain constant. - 
‘ > uf 

This expression is derived in the same manner as the formula (143): there 
must obviously be some particular value of the wind or ice loading (corre- 
sponding to the factor mi) which, in conjunction with a rise of temperature 
(t: — t.) will cause the deflection to be the same as when the temperature is 
t. and the (maximum) loading is n times that due to the weight of the wire 
acting alone. The necessary relation between ¢; and 7; is given by the above 
formula. 


MECHANICAL PRINCIPLES AND CALCULATIONS 289 


~ Let n be the load coefficient (=) for conductor d;, and nz the 
load coefficient for conductor dz then, since /? is assumed constant, 
it follows from the formula (145) that 


and Ne 


which is true only when the stress (S) per square inch of cross- 
section is the same for both sizes of conductor (the material of the 
conductors being assumed the same). 

138. Further Example Illustrating Temperature-sag Calcu- 
lations.—Although the problem may not be of great practical 
utility, it will serve as a further illustration of the methods of 
calculation explained in Article 135. 

Determine the reduction of temperature which will make the 
tenszon in the unloaded conductor the same as in the loaded conductor 
when the resultant load is n times the weight of the wire. 

When calculating the “critical temperature,” the formula 
(143) was developed. This enables us to calculate the rise of 
temperature necessary to make the length of the unloaded con- 
ductor hanging in still air equal to that of the same conductor at 
a lower temperature, but with an extra load due to wind or 
ice, or to both combined. The problem now before us is con- 
cerned with the stress, which must be the same for the loaded 
and unloaded conditions. Since the stress remains unaltered, 
the change in length of the conductor corresponding to the 
(necessarily) smaller sag is caused by reduction of temperature 
and not by elastic contraction. 

If s = maximum deflection under loaded condition, and 

8; = sag of the unloaded wire when the temperature has fallen 
t° F. and the stress S is again equal to what it was under the 
loaded condition, then, 


The reduction in length is, 
Ni te NA 
8s? 8s," 
ae aie rar 
19 
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which resolves itself into 
_ 85%(n? = 1) 
MG ae ar iad 


No appreciable error will be introduced, when dealing with 
spans of moderate length, if the length of wire \; is replaced by the 
length of span l. Hence, 
8s?(n? — 1) 


~ Bre Xa XP ey 
which, if it is desired to eliminate s, can be written 
Wye = 272 
Le (147) 


It may be observed that, for a given material and limiting 
tension, the required reduction in temperature is proportional to 


years z 
(n? — 1) X P, ort = ie Ds 


» where K is a numerical constant. 


By using the data for materials previously given and assuming 
maximum allowable tensions corresponding to S = 28,000 for 
copper; 13,000 for aluminum; and 25,000 for steel guy wire, 
the calculated value of K is, 


For copper K = 12,000 
For aluminum K = 38,000 
For steel iC = °8,250 


139. Sag-temperature Calculations with Supports at Different 
Elevations.— We shall consider (1) the case of a small difference 
of elevation between supports, which will cause the lowest point 
in the span to be below the level of the lower point of support, 
as illustrated in Fig. 105; and (2) the case of a line running up a 
steep incline, which will cause the lower support to be the lowest 
point in the span (see Fig. 106). The problem will be studied by 
working out numerical examples. 

Data for numerical examples: 

Wire; No. 0 B. & S. solid copper. 

Diameter of wire, d = 0.325 in. 

Cross-sectional area of wire, A = 0.083 sq. in. 

Weight of wire per foot run, w = 0.32 lb. 

Distance between points of support (measured on incline), 
I’ = 240 ft. 

Breaking stress (say) 55,000 lb. per sq. in. 

In these examples, we shall neglect ice-coating on the wires, 
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but allow for a high wind velocity (78 miles per hour) giving 
15 pounds per square foot of projected surface of the wire, and 
we shall also adopt the abnormally high factor of safety of 5 as 
called for in the regulations issued by the British Board of Trade. 
The maximum allowable stress, at a specified temperature t, 
= 22° F., is therefore 


Smax. = = 11,000 lb. per sq. in. 
Maximum tension in wire, Pyax = 11,000 X 0.083 = 915 lb. 
The wind pressure per foot run of the wire is p = 15 X see 


= 0.406 pounds, and the value of the factor n as defined in 
Article 133, is 
n = ¥ (0.32)? + (0.406) 
0.32 


Fic. 105.—Wire hung between supports at different elevations. 


For the calculation of the critical temperature (see Article 135) 
we have, M = 15 X 10° and a = 9.6 X 10-°, whence, by formula 
(143), 

(i, — t) = 1000_X 10° 1 

ene eee O65 1 CLO 1.58 

and t, = 28 + 22 = 50° F. It is at this temperature that the 

length of the wire hanging in still air will be the same as the 

length under the condition of maximum load when the stress is 

n times as great. It follows that the tension in the wire at a 
temperature of 50° F. (without wind) will be 

Deeg es 915 

poe ies 

Case (1). Small Difference of Elevation. (See Fig. 105.) For 
the additional data required, assume: 


) = 28 


a Biola 
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Difference in elevation of points of support, h = 13 ft., whence 
sin 6 = si = 0.0542, and cos 6 = 0.9985, which indicates that 
the span measured horizontally, being J = l’ cos 0, is so nearly 
equal to l’ that no appreciable error will be introduced if we 
neglect to take account of this difference. In this particular 
example it is therefore a matter of indifference whether we put 
lor U’ in the formulas. 

Now choose two or three values of tension in addition to the 
tension P, = 578 at the ‘critical’? temperature of 50° F., and 
calculate the corresponding temperatures by the step by step 
method as followed in the accompanying table. 

This method of procedure is correct eXcept for the fact that 
formula (123) used for obtaining item (f) does not include all the 
terms necessary for the exact calculation of the length of a para- 
bolic are. With a difference in level of only 13 feet with supports 
spaced 240 feet apart, the error is probably negligible; but with 
a greater difference in elevation between the points of support 
(as in Case (2) about to be considered) additional terms would 
have to be included in the equation, thus adding to the time 
required for the calculations. 

The maximum deflection (item (c)) of the wire from the straight 
line AB joining the points of support is always small relatively 
to the distance l’ = AB; and in computing the length of a curve 
which approximates to a straight line no appreciable difference 
will be observable whether we consider the curve to be part of a 
parabola, or catenary, or ellipse, or circle. For our purpose 
it will be most convenient to calculate the length (A) of the 
wire by using formula (122) of Article 127, merely substituting 
s’ (item (c)) for s, and l’ (see Fig 105) for l. ‘This has been 
done in the example, Case (1), the results being given under items 
(f)’ and (g)’ at the end of the accompanying table. The change in 
length (A — i.) is seen to be the same whichever method of calcu- 
lation is used,' and since the latter method of calculating \ 
is much shorter than the former, it should be adopted when . 
making sag-temperature calculations for spans on an incline. 

Case (2). Large Difference of Elevation. (See Fig.106.) For 
additional data required, assume: 


1 The very small difference in the two sets of figures may be attributed 
to errors in reading the slide rule. 
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Difference in elevation of points of support, h = 140 feet, 
: 140 

whence sin 0 = 40 ~ 0.583, and cos @ = 0.8124. 

The span measured horizontally is 1 = l’ cos 0 = 195 feet. . 

If the formula (119) is used for calculating the distance |, from 
the lower support, A, to the point where the wire becomes 
horizontal, this quantity will be negative. It will determine the 
shape and position of an imaginary parabolic curve as indicated 
by the dotted line of Fig. 106. The vertical component of the 
tension at the point B will be equal to the weight of the wire in 


Fic. 106.—Transmission line on steep incline. 


the parabolic are BD; while the vertical component at A will 
be the weight of the portion AD. The horizontal component 
(P;,) of the tension will be P cos 0, where P stands for the tension 
at the middle of the span AB. 

Temperature-stress calculations can be made by considering 
the length of wire in the span AB to be the difference between 
the imaginary half spans BD and AD, the procedure being exactly 
as indicated in the foregoing table illustrating the method for 
small differences of level. This method is objectionable because 
the required lengths are very small differences between compara- 
tively large quantities, and unless several additional terms are 
added to the approximate formula for the length of the parabolic 


MECHANICAL PRINCIPLES AND CALCULATIONS 295 


curve, serious errors may be introduced. We shall therefore 
adopt the alternative method, and make the necessary calcula- 
tions on what may be thought of as an equivalent horizontal span. 

Fig. 107 is an enlarged view of the span AB of Fig 106. The 
loading of the wire in a direction perpendicular to its length 
is no longer w lb per foot, but w cos 6 lb. per foot, and the funda- 


: [2 : 
mental equation s = ae: (see formula (101) of Article 125) 
h 
becomes 


1) 2 
, _ ()*w cos 8 (148) 


hs ee 


Fig. 107.—Enlarged sketch of span AB of Fig. 106. 


¢ =10 fo 


which can also be written 
ee lw 

© ™ 8P cos 6 
this last being the formula (122)7 as developed in Article 127. 

The slope of the wire being considerable, it will be advisable 
to re-caleulate the value of the factor n which, in Case (1), was 
taken to be the same as if the span were horizontal. The wind 
pressure at right angles to the wire is the same as in the pre- 
ceding example, namly 0.406 Ib. per foot; and by definition 
(see Article 133) the value of n is therefore 


/ (0.32 cos 0)? + (0.406)? _ 
0.32 cos 0, 


1.85 
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instead of the previously calculated value of 1.58 which is correct 
for a horizontal or nearly horizontal span. 
The maximum allowable tension being the same as before, we 


have 
— 915 


P. = 1.85 494 lb. 
For the ‘‘critical’”’ temperature, we have, by formula (143) 
11,000 X 10° ase 
GS Nomearcnn ene 


whence t; = 35 + 22 = 57° F. 

We are now in a position to proceed as in Case (1) (alternative 
method), or if preferred we can use the formulas of Article 134 
which will give exactly the same results. 

Let the assumed values of tension, in addition to the “critical”’ 
value P, = 494 lb., be P: = 600 lb., and P, = 400 lb. The 
corresponding maximum deflections from the straight line, as 
calculated by formula (148) are, 


SOL it, 
Sy — Bind ft. 
So S ARS the 


8 (3.79)? = 115 


By formula (139), Ky 
By formula (142), Ke = 3 X 9.6 X 10-® K (240)? = 1.66 
494 


By formula (141), K3 = 0.083 X 9.6 X15 > 41.5 


By formula (138), putting s = 3.12 ft., we have, 


115 — 8(3.12)? 3 79e 
eer ea ate 41.5(5—5 1) 
whence (a eee 
Similarly, when s = 4.68 
to —s 101° F. 


The curve marked (2) in Fig. 108 has been plotted from these 
results, while curve (1) refers to the previously calculated Case 
(1). The correction for n, and therefore for the ‘“critical’’ 
temperature t,, need not be made when the slope is small. It is 
only when the difference between the horizontal spacing (/) and 
the actual distance between supports (l’) is appreciable that the 
correction need be made. The procedure here recommended 
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for constructing sag-temperature curves for lines on an incline 
consists in replacing the actual span by an “equivalent” span 
with supports on the same level. This equivalent span may be 
defined as a horizontal span of the same length (l’) measured 
between points of support as the actual span, the loading being 
w cos 6 lb. per foot run, where w is the weight per foot of the wire, 
and @ is the angle between the direction of the line and the 
horizontal. 


150 


400 


Case(1) 
Span Horizontal 


or on Slight Incline 


130 


= 
e 
o 


Case(2) 
Span on considerable 


Temperature; Degrees Fahrenheit 


Note: The figures on the curves 


indicate the tension in the 
wire in lbs. 


30 


3 3.5 4 4.5 5 5.5 6 6.5 
Sag, or Maximum Deflection from Straight Line - Feet 


Fic. 108.—Sag-temperature curves illustrating numerical example. 


The dotted curve marked (3) in Fig. 108 is plotted from the 
same data as curve (1) except that the effect due to elasticity of 
the wire has been neglected (item (A) in the table on page 293). 
The omission is often permissible, especially on long spans of 
aluminum wire; but, on comparatively short spans of copper 
wire, as in the present instance, it is seen to give entirely inaccu- 
rate results. The point is mentioned here because of the peculi- 
arity that in England—where the stringent regulations involving 
large factors of safety necessitate. uneconomical construction 
with short spans—it is by no means uncommon to neglect the 
elasticity of the wire; while in America—where the longer spans 
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often cause the inclusion of this item to become an unnecessary 
refinement—it is customary to take account of the changes in 
length due to variation of load. 

140. Length of Spans. Conductor Materials—Copper ; Alumi- 
num ; Iron.—When the wires of a transmission line are supported 
on single wood poles, the span may be anything from 120 to 250 or 
even 300 ft.; but extra long poles, specially selected to withstand 
the greater stresses, are required when the span is appreciably in 
excess of 200 ft. 

On steel tower lines, very much greater spans may be used. 

The length of span is determined not only by strength considera- 
tions, but also by considerations of economy (see Articles 15 
and 16 in Chapter III). The requirements in the matter of 
supporting poles or structures (which depend largely on length 
of span) will be referred to in the following chapter. 
- Whether copper or aluminum should be used on a given trans- 
mission line cannot be determined on general principles. Con- 
ductor materials were discussed in Chapter IV, and, apart from 
the physical properties of these materials, the relative cost, 
which is a variable quantity, must be taken account of when 
deciding upon the material best suited for the work. 

Generally speaking, the deflections or sags of aluminum con- 
ductors on spans of moderate length will be about 30 per cent. or 
35 per cent. greater than with copper conductors. The difference 
will be more marked with the smaller sizes of wires and the shorter 
spans. With extra long spans in the neighborhood of 1000 ft., 
it will be found that the maximum sag of aluminum and copper 
conductors will be about the same, 7f storm and abnormal winter 
conditions are neglected; that is to say when the factor n (defined in 
Article 134) is unity. Under this condition it will even be found 
that copper has a greater sag than aluminum on the very long 
spans. The reason for this is that the greater temperature elon- 
gation of aluminum is inappreciable in the case of long spans with 
necessarily large sags, while it is an important factor in the com- 
parison of the two metals when the spans are short. The above 
statement is made rather as being of scientific interest than of 
practical utility, because, under storm conditions (when n has a 
large value), aluminum will be found to be an unsatisfactory 
material to use on long spans. 

Although the tension in a conductor can always be kept reason- 
ably small by allowing sufficient sag, it is obvious that a large sag 
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involves higher and more costly supporting structures if the clear- 
ance between ground and lowest point of the conductor is to 
remain the same. When crossing open country, the clearance 
above ground need not be very great; but in crossing roads, a 
clearance of 21 feet should be allowed, and over foot paths the 
clearance should never be less than 15 ft. For mechanical rea- 
sons, it is a general rule that no conductor for the transmission 
of electric energy shall have a lower ultimate strength than a No. 
6 B. & S. gauge hard-drawn copper wire. 

Although it is convenient in sag calculations to assume rigid 
supports at each end of the span, the deflection, under heavy load, 
of pole or steel mast as used on the shorter spans, may be re- 
garded to some extent as a factor of safety. Refinements of 
calculation are out of place when figuring on short span lines: the 
tendency is to string wires of short-span transmission lines too 
slack rather than too tight. On spans not exceeding 150 ft., if 
the wires are strung at comparatively low temperatures, it is 
almost impossible to draw them up too tight. 

The writer is of the opinion of Mr. H. W. Buck and one or two 
other eminent and experienced engineers, who hold that most 
transmission lines are too slack. The fact that the natural stretch 
which takes place in all overhead conductors during the few 
months following erection, increases the sag which is usually 
excessive in the first instance, is frequently overlooked; or, if 
it is recognized, the additional sag is erroneously supposed to 
increase the factor of safety. It is not good engineering prac- 
tice to have the wires hanging in festoons between the supports, 
and the danger of short circuits resulting from slack conductors 
being thrown together in stormy weather is unquestionably greater 
than the risk of breakages on a well-constructed line with wires 
strung tightly between towers of sufficient strength to withstand 
the maximum loads that they may be subjected to under the 
worst weather conditions. 


EXxaMpLes oF Extra Lona SPANS 


Where power lines cross rivers or other navigable waterways, 
exceptionally long single spans are sometimes necessary. The 
longest in the world crosses the St. Lawrence river about 20 miles 
from Three Rivers, Quebec, and measures 4800 feet. The ends of 
the span are attached to steel towers 350 feet high. Construc- 
tion details will be found in the paper by Mr. 8. Svenningson, 
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Proc. A. I. E. E., Nov., 1918. Another long single span is the 
Missouri river crossing of the Mississippi River Power Co. which 
is 3182 feet long: the conductors consist of copper wires of a 
total cross-section of 0.162 sq. in. laid on a central steel core of 
0.275 sq. in. cross-section. 

The Pacific Light and Power Corporation have a 2871-foot 
span at Sunland, Cal.: in this case the conductors are of aluminum 
wire of 0.475 sq. in. total cross-section laid on a central steel core 
of 0.062 sq. in. cross-section. 

The Great Western Power Co. at Oakland, Cal., have a 2740-ft. 
span over the navigable waterway: it consists of copper-clad 
steel conductors, of 0.132 sq. in. cross-section. The Niagara 
River crossing of the Canadian Niagara Power Co. is 2192 ft. 
long: it consists of copper-clad steel conductors 0.155 sq. in. in 
cross-section. 

The longest existing span using aluminum cables without steel 
core is at Piedra, Cal., on the system of the San Joaquin Light 
and Power Co.: it is 1700 feet long; the conductor cross-section 
being 0.132 sq. in. 


The possibilities of iron wire as a conducting material for over- 
head power lines was considered in Articles 46 to 49 of Chapter 
IV. It is only when the price of copper and aluminum is abnor- 
mally high that iron as a conductor material need be seriously 
considered; but in certain cases—such as short lines transmitting 
small amounts of energy—the saving resulting from the use of 
iron wire may be considerable.!. This is due partly to the fact 
that, with conductors of 14 in. or 54¢ in. galvanized steel strand 
cable, the spans can safely be made longer than when the equiva- 
lent copper wire is used. Thus, for the purpose of transmitting 
from 50 to 80 kw. a distance of 20 to 30 miles by a single three- 
phase line, the average span on a straight run across country 
might be 300 feet with 30-ft. poles, 500 ft. with 35-ft. poles, or 
(preferably) 600 to 700 feet with 40- to 45-ft. poles; and the cost of 
such a line—excluding the cost of wire—might with care and proper 
supervision be no more than two-thirds of the figure indicated by 
the lower curve of Fig. 18 (Chapter III). 

Wood poles will usually be found satisfactory for this cheap 


1 Useful mechanical data referring to iron and steel conductors will be 
found in an article by Messrs. Oakes and Sahm in the Electrical World of 
Aug. 10, 1918, vol. Ixxii, p. 249, 
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type of construction, but with the longer spans it is probable that 
steel poles or masts handled and erected in one piece, with or 
without concrete settings, will frequently prove more economical 
than wood. Double-galvanized wire or cable should be used. 


For very long spans it may be advisable 
to use special high-grade steel in order 
to avoid excessive sag and spacing be- 
tween wires, and to pay particular at- 
tention to the guying of corner poles. 

141. Factors of Safety. Joints and 
Ties.—The factors of safety usually 
adopted when calculating the permis- 
sible tension in overhead wires have 
already been referred to in Article 131, 
and little remains to be added here. 
In America, the factor of safety for 
conductors is about 2: this means that, 
under the worst assumed conditions of 
loading, the material of the conductor 
may be stressed to very nearly its 
elastic limit. It is usual to assume a 
wind velocity of 70 miles per hour com- 
bined with a sleet deposit 14 in. thick 
at a temperature of 0° F. For guy 
wires, a factor of safety of 3 to 314 is 
generally allowed. 

In Great Britain, where higher fac- 
tors of safety are used, the Board of 
Trade calls for a maximum tension not 
exceeding one-fifth of the breaking load, 
on the assumption of a temperature of 
22° F. and a wind velocity correspond- 
ing to a pressure of 15 lb. per square 
foot of the projected surface of the 
wire. Possible accumulations of snow 
and ice are ignored. 


Fia. 109.—Type of joint 
for overhead conductors. 


On the Continent of Europe, the net factor of safety for wires 
under the worst conditions of loading is about 214. 

When the “flexible” type of tower construction is used, it is 
customary to allow a somewhat higher factor of safety for the 
conductors than when the towers are of the so-called rigid type. 
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Joints in wires can and should be made of the same strength as 
the wire itself. A discussion of the various types of joints as 
used in practice would be out of place in these pages. A very 
common type is the McIntyre joint, illustrated in Fig. 109. 
It is claimed that when the sleeve is long enough to allow of 
three complete turns, the strength of this joint is equal to that of 
the cable itself. Under favorable weather conditions it is pos- 
sible to make very good butt-welded joints on aluminum con- 
ductors with the aid of a blowlamp. Such joints would probably 
not be satisfactory on conductors of large cross-section (more than 
16 in. diameter), and they should be made at the insulator where 
they will not be subjected to the maximum tensile stress. 

The tie wire secures the conductor to the insulator, usually in 
such a way as to prevent as far as possible the creeping of the con- 
ductor from one span to another. In some cases, however, it is 
advisable to allow the conductor to slip, or the tie wire to break, 
before the tension in the cable is great enough to damage insulator 
or cross-arm. Soft orsemi-hard wire is generally used for ties, and 
the size should not be less than No. 4 B. & S. copper, or No. 2 
B. & 8. aluminum. The tie wire should be of the same material 
as the conductor. 

Some forms of tie include a serving of the tie wire extending 
an appreciable distance on each side of the insulator; the object 
being to afford some protection to the conductor in the event 
of an are striking over the insulator. 

A long sleeve over line wires at point of support is objection- 
able. It is true that breakages of wires caused by too great 
rigidity at points of support are of rare occurrence; but where 
mechanical forms of cable clamps are used, as with the suspen- 
sion type of insulator, and in many of the larger pin type insu- 
lators, the method of clamping the conductor to avoid mechanical 
injury or weakening due to vibration or to swaying of the wires in 
a wind, should receive careful attention. 


CHAPTER X 


TRANSMISSION-LINE SUPPORTS 


142. General Considerations. Types of Transmission-line 
Supports.—The supporting poles or structures for overhead 
electric power transmission lines are of various kinds. Where 
the ordinary wood telegraph pole or a larger single pole of similar 
type is not suitable, double poles of the “A” or “H” type, or 
even braced wooden towers of considerable height and strength, 
may sometimes be used with advantage. Under certain condi- 
tions it may be economical to use steel poles of the tubular type, 
or light masts of latticed steel, even for comparatively short spans; 
and poles of reinforced concrete have much to recommend them. 
But for long spans, and the wide spacing of wires necessary with 

» the higher pressures, steel towers, either of the rigid or flexible type, 
will generally be required. 

The use of wood poles is therefore limited to comparatively low 
pressures, and spans of moderate length. It is probable that, in 
rough country where suitable timber is plentiful, and the cost of 
transporting steel towers would be high, wooden supports of the 
“A” or “H” type might be used economically for voltages up to 
60,000, even if two three-phase circuits were carried on one set of 
poles; but for higher voltages the steel tower construction with 
fairly long spans, would in almost every case, be preferable. 
The case of a 100,000-volt three-phase line supported on wood 
poles was mentioned in Chapter I as an example of economic 
wood-pole construction for a high voltage transmission. Another 
example of a wood structure, erected where steel would have been 
adopted by many engineers as being the only material available, 
occurs at a river crossing between Astoria and Flavel, Ore. 
At this point a 1611-foot span is supported on wood-pole towers 
135 ft. high, a description of which will be found in the Electrical 
World of Sept. 11, 1915. 

The decision as to the best type of line to adopt is not easily 
or quickly arrived at. The problem is mainly an economic one, 
and the decision will depend, not only on the first cost of the 
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various types of line construction, but also on the probable life 
of the line and the cost of maintenance. 

It is necessary to make up many preliminary estimates of the » 
completed line, and these must obviously include, not only the 
cost of the various types of supporting structure delivered at 
points along the line, but also the cost of foundations and erection. 
Again, even if a suitable kind of wood is readily available in the 
district to be traversed by the transmission line, it is possible that 
the cost of seasoning the poles, and treating them with preserva- 
tive compounds to ensure a reasonably long life, may render the 
use of steel structures more economical even for comparatively 
low pressures. The use of latticed steel poles, from 30 to 40 feet 
high, capable of being shipped and handled in one piece, appears 
to be gaining favor in districts where ultimate economy over wood 
poles can be shown to result from the adoption of these light steel 
structures. The life of a steel tower line depends somewhat on 
climatic conditions. In Great Britain the dampness of the 
climate, together with the impurities in the atmosphere in the 
neighborhood of manufacturing and populous districts, render 
light steel structures less durable than in America (except, 
perhaps, on the Pacific coast, where special precautions are re- 
quired to guard against rapid corrosion due to the prevalence:of 
fogs and moisture). Not only has the iron-work protected by 
paint to be repainted on the average every three years, but the 
spans must usually be short, as the private ownership of valuable 
property renders the construction of a straight transmission 
line with long equal spans almost impossible in the United 
Kingdom. These conditions are all in favor of the employment 
of selected and well creosoted wood poles, the life of which may 
be 30 years or more. 

When making comparisons between wood and steel for trans- 
mission line supports, it is not only the matter of first cost that 
has to be considered. Steel structures have the advantage of 
being invulnerable to prairie and forest fires; moreover, owing to 
the longer spans rendered possible by the stronger and taller 
supports, there is less chance of stoppages owing to broken insula- 
tors, and less leakage loss over the surface of insulators. A 
fact that is often overlooked is that the size of conductor limits the 
practical length of span; for instance, with a small conductor 
such as a No. 4 B. & S., it would not be wise to have spans much 
above 250 or 300 ft. This suggests what is frequently found to be 
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the case, namely, that the total cost of a line may be reduced by 
using a conductor of rather larger section than the electrical cal- 
culations would indicate as being necessary, because the stronger 
cable permits of a wider spacing of the supporting towers. 

The economic length of span on steel tower lines usually lies 
between 500 and 700 ft., but very much longer spans can be used 
where the character of the country would render their use eco- 
nomical or where rivers have to be crossed.!_ On the transmission 
system supplying Dunedin City, New Zealand, with electric 
energy at 35,000 volts, there is a span 1700 ft. long where the line 
crosses the ravine near the power station. The peculiarity of 
this span is the great difference in level between the two supports, 
the upper tower, which is a special steel structure, being 650 ft. 
above the lower tower. 

143. Wood Pole Lines. Kinds of Wood Available-—Among 
the varieties of straight-growing timber used for pole lines on the 
American continent may be mentioned cedar, chestnut, oak, 
cypress, juniper, pine, tamarack, fir, redwood, spruce, and locust. 
In England the wood poles are usually of Baltic pine or red fir 
from Sweden, Norway, and Russia. The woods used for the 
cross-arms carrying the insulators include Norway pine, yellow 
pine, cypress or Douglas fir, oak, chestnut, and locust. 

Probably the best wood for poles is cedar; but chestnut also 
makes excellent durable poles. Much depends, however, on the 
nature of the soil, and, generally speaking, poles cut from native 
timber will be more durable than poles of otherwise equally good 
quality grown under different conditions of soil and climate. 

With the more extended adoption of preservative treatments 
(to be referred to later), the inferior kinds of timber which 
under ordinary conditions would decay rapidly, will become of 
relatively greater value, and with the growing scarcity of the 
better kinds of timber, it is probable that poles of yellow pine, 
tamarack, and Douglas fir will be used more extensively in the 
future. 

The trees should be felled during the winter months, and after 
being peeled and trimmed should be allowed to season for a period 
of at least twelve months. 

A brief specification covering wood poles for power transmis- 
sion lines will be found in Appendix II at the end of this book. 


1See Article 140, Chapter IX. 
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144. Typical Wood Pole Lines.—For a single three-phase line 
transmitting power at 20,000 to 22,000 volts single poles having 
a top measurement of about 8 in. would be suitable. The dis- 
tance between wires would be about 3 ft.; the arrangement 
being as shown on the sketch, Fig. 110, with pole-top details as in 
Fig. 111. This shows an arrangement without overhead guard 
wire, but with some or all poles protected by a grounded light- 


AW 
\S 


Fic. 110.—Typical wood pole line for pressures up to 22,000 volts three-phase. 


ning rod. In exposed positions, and at angles, pieces of bent 


flat iron may be fitted with advantage on the cross-arm near the 


insulators, as shown by the dotted lines in Fig. 111. These 
pieces serve the double purpose of hook guard in case of the wire ° 
shipping off insulator, and of additional protection against light- 
ning. A discharge from the line tends to leap across to this 
grounded metal horn over the surface of the insulator, thus fre- 
quently preventing the piercing or shattering of insulators. 

Fig. 112 shows the pole-top arrangement for a 33,000-volt 
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line of the Central Illinois Company, while the double insulator 
construction adopted by the same company for corner poles is 
illustrated in Fig. 113. These two illustrations are reproduced 
here by kind permission of the Electrical World. 

A simple “A” frame construction for a duplicate three-phase 
line operating at 11,000 volts is shown in Fig. 114. Another 
type of construction for duplicate three-phase line is shown in 
Fig. 115, where the standard single wood pole is used. This 
is the arrangement adopted by the Central Illinois Company 
when it is desired to carry two circuits on the one pole line. 


Galvanized Iron 
Lightning Rod 


_ Special Pin for 


Pole-Top Insulator 


| Galvanized Iron 
Lightning Guard 


Galvanized Iron, 
Brace 14 x \ x 28 


Xe Galvanized Steel Cable 
connecting Lightning Rod 
to Ground 


Fic. 111.—Pole-top details. 


145. Life of Wood Poles Preservative Treatment.—It is 
not easy to estimate the probable life of poles, because this will 
depend not only on the kind of timber, but also on the nature 
of the soil, climatic conditions, the time of seasoning, whether or 
not the poles have received treatment with preservative com- 
pounds, and the nature of such treatment. 

In England the life of well-seasoned, creosoted poles may be 
about 35 years in good soil, and from 18 to 20 years in poor 
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Fig. 113.—Double-arm corner construction. 
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soil. On the American continent, where untreated poles have 
been used in large numbers, the average life is probably about 12 
years. The better woods, such as cedar and chestnut, might 
last on the average 14 to 16 years, while juniper and pine might 
have to be replaced in 6 to 10 years. On certain lines where un- 
treated poles of unsuitable timber have been erected in poor soil, 
or where destructive insects are particularly active, the poles 
have had to be replaced in less than 4 years. The creosoted poles, 
as used in England, will usually stand best in moist or clayey 


| Hard Wood | 
I, Block 6x2" | 


Iron or Wood Stiffner 


Fria. 114.—Typical ‘‘A”’ frame construction for duplicate three-phase line. 


ground; there is a tendency for the creosote to run out and be 
absorbed into the ground when the soil is loose and sandy, with 
the result that the poles deteriorate rapidly just below the ground 
level. Marshy soil is generally bad for wood poles, also ground 
that is alternately wet and dry. 

Preservative Treatment of Poles—Many chemical solutions 
and methods of forcing them into the wood have been tried 
and used with varying success; but it is generally conceded that 


310 ELECTRIC POWER TRANSMISSION 


treatment with coal-tar creosote oil gives the best protection 
against decay; and its cost is probably lower than that of any 


other satisfactory treatment. 


There are three recognized methods of applying oil: 


(a) The high-pressure treatment (Bethel system). 


(b) The open-tank treatment. 
(c) Brush treatments. 


In Europe the treatment known as the Riiping process is 
largely used; it is less costly than the Bethel system. 
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Fic. 115.—Double-cireuit construction. 


copper sulphate is used extensively as a preservative (Boucheric 
process), but the results are not entirely satisfactory. 


HIGH-PRESSURE TREATMENT 


This is undoubtedly the best, but it is also the most costly. 
The poles, after being trimmed and framed, are placed in large 
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treating cylinders capable of being hermetically closed. If the 
poles are green or wet they are first subjected, in these cylinders, 
to a steaming process from three to eight hours, the steam being 
admitted under a pressure of 12 to 20 lb. The steam is then 
blown off, and the treating cylinder is exhausted, the vacuum 
being maintained for a period of one to two hours. Immediately 
afterward the creosote is forced in under pressure at a tempera- 
ture of 140° to 200° F. Seasoned timber is not subjected to the 
steaming process, but the temperature inside the treating cylinder 
is raised by means of heating coils to about 150° F. prior to the 
filling process. 

The poles will absorb from a minimum of 10 lb. to a maximum 
of 15 lb. of oil per cubic foot. The softer and more porous woods 
will absorb the most oil; but on the other hand, the benefit such 
woods derive from the treatment in the matter of increased life is 
more marked than in the case of the closer grained timber. 


OPEN-TANK TREATMENT 


The butts of the poles are placed in the creosote oil, which is 
preferably heated to a temperature of 200° F. to 220° F. They 
are maintained in this bath for a period of one to three hours, 
after which they are placed in cold oil for another period of one 
to three hours. This process will permit of a complete penetra- 
tion of the sapwood to a height of about 2 ft. above ground level. 
When properly carried out it is capable of giving very satisfac- 
tory results. The open-tank process is specially applicable to 
the treatment of the more durable kinds of timber, such as cedar 
and chestnut. 


BRUSH TREATMENT 


The oil is applied hot with hard brushes, a second coat being 
applied after the first has soaked in. The temperature of the 
oil should be about 200° F. This method of application of the 
oil is the cheapest and the least effective, but it affords some pro- 
tection when the wood is well seasoned and dry. There is little 
advantage to be gained by the external application of preserva- 
tive compounds to green timber; indeed, the sealing up of the 
surface of such timber, by enclosing the fermentative juices, may 
even lead to more rapid decay. The brush treatment cannot be 
applied to poles which are set in the winter months in cold cli- 
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mates, as the frost would so harden the surface of the poles that 
there would be no absorption of the preservative liquid. 

The quality of oil used, whatever the method of application, 
is a matter of importance. In circular No. 98 of the United 
States Forest Service, Department of Agriculture, issued May 9, 
1907, the concluding statement is to the effect that light oils boil- 
ing below 400° F. will not remain in the timber; but the heavy 
oils, containing a high percentage of anthracene oil, will remain 
almost indefinitely, and afford excellent protection against decay 
and boring animals. 

The reader who desires to go further into the important ques- 
tion of wood pole preservation, is referred to the excellent book 
by Howard F. Weiss, “The Preservation of Structural Timber” 
(McGraw-Hill Book Company).! It seems hardly necessary to 
point out that the saving effected by prolonging the life of the 
poles will usually justify the cost of the special treatment. 
Given reliable data regarding costs and probable life of treated 
and untreated poles, the necessary calculations are easily made. 
As an example; if the cost of a pole after treating by the brush 
process is $24 and the average life 10 years, while the extra 
cost of open-tank treatment is $1 with an added 10 years to the 
life of the pole, it is easy to show that the tank treatment will be 
the more economical in the long run. 


INFLAMMABILITY OF TREATED TIMBER 


Poles and cross-arms treated with creosote oil are less liable to 
destruction by fire than untreated timber of the same kind. 
This appears to be due to the fact that the free carbon deposited 
by the burning oil on the surface of the timber affords some pro- 
tection from the action of the fire. A committee appointed by the 
National Electric Light Association of New York City conducted 
a series of experiments on similar specimens of treated and un- 
treated short-leaf pine, and proved conclusively that the latter 
suffered considerably more damage from the effects of fire than 
the specimens that had been impregnated with creosote oil. 

Reinforcing Pole Butts——Wood poles usually decay most 
rapidly at or near the ground surface. It is not always necessary 


1 See also “‘ Preservative Treatment of Telephone Poles,’ by F. L. Rhodes 
and R. F. Hosford, Trans. A. 1. EH. E., vol. xxxiv (part 2), p. 2549, Oct., 
1915. 
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to replace poles which may be otherwise sound, but which have 
been weakened locally by decay just below the ground surface. | 
They may be reinforced by means of steel rods about 14 in. diame- 
ter, pointed at both ends and driven into the pole above and 
below the damaged portion. Concrete is then filled in around 
the pole, extending at least 12 in. above the ground level. This 
and similar methods of prolonging the life of poles have proved 
satisfactory. The cost may be from $3 to $4 per pole, and the 
life may be prolonged 5 to 10 years. 

146. Insulating Qualities of Wood Poles.—One advantage 
which may be claimed for wood poles is the possibility of work- 
ing on live wires with little danger to life when the conditions are 
favorable. In the Black Hills in the mining district of South 
Dakota, where the climate is dry, it is usual to work on live wires 
at 24,000 volts, supported on ungrounded poles, without using any 
insulating devices. In this instance, the separation between 
wires is unusually large, being 5 ft., which affords additional 
safety. On the other hand, it may be argued that accidental 
contact with a wood pole carrying high-tension conductors may 
be a danger to the public, which is practically absent in the case 
of grounded steel poles or towers. Tests have been made to 
determine, if possible, the nature of charges likely to pass to 
ground through a person touching ungrounded wooden poles of 
a high-tension transmission. These tests show that it is pos- 
sible for poles to become dangerously charged, but not probable. 
A grounded metal ring or wire placed around the pole from 6 to 7 
ft. above ground eliminates all possibility of accidents from 
this cause. 

147. Weight of Wood Poles.—For the purpose of estimating 
the costs of transport and handling of poles, the weight may be 
calculated on the assumption that the pole is of circular section 
and of uniform taper, such that the diameter D at the bottom is 
equal to the diameter d at the top plus a quantity tH, of which 
H is the distance between the two sections considered, and ¢ is 
a constant depending on the taper and therefore on the kind of 
wood. Some approximate (average) values of ¢ together with 
average weight per cubic foot of various kinds of dry timber will 
be found in the accompanying table, from which the value of ¢ 
for cedar is seen to be 0.0165 (the height H being understood to 
be expressed in inches), and the weight per cubic foot, 35 lb.: 
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ConsTANTS FOR Woop PoLEs 


Wt. per cubic Natural Modulus of Modulus of 
Kind of wood foot, lb. taper t, rupture elasticity 
approx. average Si M? 
UMM CRe anaes see vere cw ola Score 3700 
American Eastern 
wihite cedaten ens. .e 35 0.0165 4000 700,000 
SOLU C OMe cme tee een 2 (ne mes 4500 1,300,000 
Wihiitenpine wana eee ORs eal kere: 4500 1,000,000 
INGOT, sconce sana se OA ee eee 5000 
IDOI ITI, 6 oon oe Shag De eet 6500 1,400,000 
Norway pine......:.. pe meay ye 7000 1,400,000 
IEVe CiW,0 O Caer erence: Sy nn emwn eas 2 7000 700,000 
Nidan oOxced arene eter 23 0.01 6000 
C@hestnutmern eee 42 | 0.016 6000 900,000 


1 Being stress in pounds per square inch at moment of rupture under 
bending conditions. 

2Inch units. Average figures, which must be considered approximate 
only. 

3 This name is intended to cover yellow fir, red fir, Western fir, Washing- 
ton fir, Oregon fir, North-west and West-coast fir. 


The volume of a frustrum of right circular cone is: 


Volume = 4 x aoe + Dd -+ d?) 
but D =d-+1dH, and the formula becomes: 
Volume = oe (3d2 + 2H? + 3dtH) 


By using this formula and putting for H the value 65 * 12 = 
780 in., and for d the value 7 in., the weight of a pole of American 
eastern white cedar measuring 7 in. diameter at top and 65 ft. 
over-all length works out at 2410 lb. 

148. Strength and Elasticity of Wood Poles.—Apart from 
the dead weight to be supported by the poles of a transmission 
line—which will include not only the fixtures and the conductors 
themselves, but also the added weight of sleet or ice in climates 
where ice formation is possible—the stresses to be withstood 
include the resultant pull of the wires in adjoining spans, and the 
wind pressure on poles and wires. It is customary to disregard 
the dead weight or column loading, except when the spans are 
large and the conductors numerous and heavy. A formula for 
approximate calculation of loads carried by poles when acting as 
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struts or columns will be given later. The pull due to the con- 
ductors on corner poles is usually met by guying these poles, by 
which means the pull tending to bend the pole is largely converted 
into an increased vertical downward pressure; but evenonstraight 
runs there may be stresses due to unequal lengths of span which 
would cause a difference in the tensions on each side of the pole. 
The most important stresses to which the poles are subjected, 
apart from such accidents as are due to falling trees or the sever- 
ing of all wires in one span, are those caused by strong winds 
blowing across the line. The resulting pressure at pole-top due 
to strong winds acting on long spans of ice-coated wires may be 
very great, and the poles must be strong enough to resist this.! 

For the purpose of making strength and deflection calculations, 
the pole may be considered as a truncated cone of circular sec- 
tion, firmly fixed in the ground at the thick end, with a load 
near the small end in the form of a single concentrated resultant 
horizontal pull. The calculation is therefore exactly the same as 
for a beam fixed at one end and loaded at the other. Such a 
beam, if it exceeds a certain length depending upon the amount of 
taper, will not break at the point where the bending moment is 
greatest (7.e., at the ground level), because, in a beam of circular 
section and uniform taper, the stresses in the material are not 
necessarily greatest at this point, as will be shown later. The 
ordinary telegraph or electric lighting pole usually breaks at 
a point about 5 ft. above ground unless the butt has been weak- 
ened by decay. 

Calculations on strengths and deflections of wood poles 
cannot be made with the same accuracy as in the case of steel 
structures; and the constants in the table of Article 147 are aver- 
ages only for approximate calculations. The factor of safety 
generally used on the American continent is 6, both for poles 
and cross-arms. ‘The maximum wind pressure is taken at 30 lb. 
per square foot of flat surface, or 18 lb. per square foot of 
projected surface of smooth cylinders of not very large diameter. 
In England the factor of safety for telegraph poles is 8, and for 
power lines 10. The latter figure would seem to be unnecessarily 
high: it suggests a want of confidence either in the strength 
calculations or in the tests and load assumptions on which the 
calculations are based. 


1See Article 131 in Chapter IX. 
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149. Caiculation of Pole Strengths.—The relation between the 
externally applied load and the stresses in the fibers of the wood 
is: 

Bending moment = stress in fibers most remote from neutral 
axis X section factor, or Mg = S X Z. 

If P is the force in pounds applied at a point distant x in. from 
the cross-section A (see Fig. 116), then: 


M, = Pr lb.-in. 


And if the stress S is expressed in pounds 
P per square inch, and the section is as- 


sumed circular: 


rd 
Px = 8 X a5 


But it is assumed that the diameter at 
any point x in. below the section of 
diameter dis d X ta, therefore: 


g = Bee y 
Tv 


Dia.=d + tw 


Section A 


Cy 

G@tm: “4 

In order to find the position of the 

cross-section at which the pole is most 

likely to break—that is to say, where 

Dia.-d+tH the fiber stress is a maximum—it is 

necessary to differentiate the last equa- 

tion with respect to a, and find the 

value of « which makes this differential 
equal to zero. This gives 


d 
2t 


Fie. 116.—Wood pole with 


horizontal load near top. frais 


for the point where the stress S isa maximum. ‘The position of 
this cross-section is evidently not always at ground level. If 
this value of x is greater than H, then the maximum fiber stress 
will be at ground level, and it is calculated by substituting H for 
x in formula (149). 

The diameter of the pole at the weakest point is: 


do 3) Se 
=a+i(S) 
IES sf 
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and it is only when the diameter at ground level is greater than 
one and a half times the diameter where the pull is applied that 
the pole may be expected to break above ground level. 

If the stress S, the taper t, and the pole-top diameter d are 
known, the load P is readily calculated as follows: 


Bending moment = P X x 


3 
Resisting moment = S x some 
32 
_@ = 15 
Buty = oy and dy = 1.5d 
therefore 
Rd mca (leod)* 
Die earay 
ee rape 2t St X 3.375 X a? 
i. 32 Xd 
= 0.662 « Sux t X d@? (150) 
Similarly, if the pull P is known, the pole-top diameter should be: 
eae 
eS — xSXt eu) 


EXAMPLE OF STRENGTH CALCULATION 


Consider a pole of Eastern white cedar designed to sustain 
a pull of 500 lb. applied 26 ft. above ground level. The average 
breaking stress (from table of constants) is 4000 lb. per square 
inch, and assuming a factor of safety of 6 the safe working 
stress is S = 660 lb. per square in. The other numerical values 
are: 

Pe= En) Ab: 
Hie alibe 
t(from table) = 0.0165 


I 


By formula (151): 


| ; 500 
d = \/0.662 660 X 0.0165 
rae eae he 
eel eS Gonna onli. 
The distance below point of application of load of the section 
where fiber stress is a maximum 1s: 


x = — = 252 in. = 21 it. 
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Therefore this pole, if subject to a load about six times greater 
than the maximum working load, may be expected to break 
26 — 21 = 5 ft. above ground level. 


Double pole supports of the type illustrated in Fig. 114 will be 
twice as strong as each of the component poles in resisting stresses 
applied in the direction of the line; but they will be able to with- 
stand about five times as great a load as the single pole when the 
stresses are in a direction at right angles to the direction of 
the line. When loaded in this manner up to the breaking point, 
these double poles of the “A”? type usually fail through the 
buckling of the member in compression due to initial want of 
straightness. The strength of both the “A” and the “H” 
type of pole structure can to some extent be increased by judi- 
cious and rigid bracing. 

150. Deflection of Wood Poles.—It is now generally recognized 
that there are advantages in having transmission-line supports 
with flexible or elastic properties. The ordinary single wood pole 
is very elastic, and will return very nearly to its original form after 
having been deflected considerably by abnormal stresses. The 
figures given for the elastic modulus in the tal le previously re- 
ferred to are subject to correction for different qualities and 
samples of the same timber. It is well to make a few experiments 
on the actual poles to be used if accuracy in calculated result is 
desired. The double-pole structures of the “A” or “H” type will 
have about half the deflection of the single poles in the direction 
of the line, and, of course, very much less in a direction at right 
angles to the line. An “A” pole of usual construction with the 
two poles subtending an angle of 6!4 degrees will deflect only 
about one-fiftieth of the amount of the single-pole deflection 
under the same transverse loading. The movement is usually 
dependent upon the amount of slip between the two poles at top, 
which again depends upon the angle subtended by the poles.! 
If this angle is as much as 10 degrees there will be practically no 
likelihood of the poles slipping at the top joint; but this large , 
angle is unsightly, and probably makes a less economical struc- 
ture than the more usual angle of about 614 degrees. 

151. Calculation of Pole Deflections.—Assume the pole to be 
fixed firmly in the ground, and that there is no yielding of founda- 

‘Much useful information on the behavior of ‘‘A”’ poles under test is to 


be found in Mr. C. Wade’s paper read before the Institution of Electrical 
Engineers on May 2, 1907. 
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tions. The load P being applied in a horizontal direction at the 
top end, as indicated in Fig. 117, the pole may be considered as 
a simple cantilever, the deflection of which, if the section were 
uniform throughout the entire length, would be: 


speed 
 3MI 


where 6 and H are in inches; J is the moment of inertia of the 

section, and M is Young’s modulus (pounds per square inch). 
: ; aa* , : 

For a circular section J = 64 where d is the diameter of the 


(cylindrical) pole in inches. The formula 
then becomes: 


<5 >| 


Pie f 

= hire 9) 
SE ray (152) 
If P is evenly distributed, as would be the 
case with a uniform wind pressure on the 
pole surface, regardless of other loads, the 


deflection would be: 


5 Pie 


~ 8MI 

but it is best to consider the wind pressure 
on pole surface as a single equivalent load 
concentrated at pole-top and added to the 
load due to wind pressure on the wires. 
When estimating the probable value of <t > 
this equivalent load, it should be remem- 
bered that the wind pressure is not evenly SI 
distributed along the length of the pole, ae 

: 9 : . Fia. 117.—Deflection 
since the wind velocity at ground level is Shvood pole: 
comparatively small and increases with the 

height above ground surface. 

The formula (152) assumes a constant diameter throughout 
length of pole, and the question therefore arises as to where the 
measurement of diameter should be made on an actual pole. 
Mr. S. M. Powell has shown that, on the assumption of a uni- 
form taper, the quantity d+ in formula (152) should be replaced 
by (d,? X d,) where d, is the diameter at ground level and d, is 
the diameter where the force P is applied. 
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EXAMPLE OF CALCULATION OF POLE-rop DEFLECTION 


Using the same figures as in the example of strength calcula- 
tions: 


P= 500 lb. HDG a eno Lean 
dy = 8.33 in, = 0.0165 
d= 8.33 + (0.0165 K 312) = 13.48 in. 
M = 700,000 
then 
on O80 <n” 


M (d,? X di) 
 _+6.78 x 500  (812)5 
~ 700,000 X (13.48)? X 8.33 
=f D ith, 


When possible it is well to make tests on a few actual poles; 
then for similar poles of the same material subject to the same 
loading: 
HB 
§ oa 
‘ape x dy 


152. Pole Foundations.—A permanent deflection of the pole 
when the stresses are abnormal may occur owing to the yielding 
of the earth foundation; but this is unusual if the poles are 
properly set in good ground. 

The diagram Fig. 118 has been drawn to show the depth to 
which poles of various heights are usually set. These depths are 
such as would be adopted on a well-designed pole line, and need 
not be exceeded except in special cases. In marshy or otherwise 
unsatisfactory gro ind, special means must be adopted to provide 
a reasonably good setting for the pole butts. 

Loam and gravel, and even sand, or a mixture of these, pro- 
vides a firm foindation for poles. <A pole that is properly set 
should break before the foundations will yield to any appreciable 
extent. Even if there should be a movement of the pole butt in 
the ground with excessive horizontal load at pole-top, this will 
result in a firmer packing of the earth, which will then be better 
fitted to resist any further movement. 

Firm sand, gravel, or loam, will withstand a pressure of about 
4 tons per square foot; but only half this resistance should be 
reckoned on in the case of damp sand, moist loam, or loose gravel. 

Proper supervision is necessary to ensure that the earth shall 
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be packed firmly around the pole when refilling the holes. This 
matter of tightly packing the dirt around the pole butt is referred 
to in Appendix IJ. Although no attempt has been made to treat 
adequately, in this book, of practical details such as the best 
method of digging holes, it may not be out of place to mention 
that the use of dynamite for digging post holes appears to have 
met with success where the method has been carefully studied 
and intelligently applied. (Refer to the Electrical World, June 
8, 1912 and Feb. 7, 1914.) 


Curve A- Poles set in rock 
Curve B- Poles set in solid ground on straight 
runs 


Depth in Ground - Feet 


Curve C’- Poles set in solid ground at corners 
or in poor soil on straight runs 
Curve D- Poles set at corners in soft ground 
0 25 30 Bis) 40 45 50 55 60 
Leight of Pole above Ground Level - feet 


Fic. 118.—Chart giving approximate depth of holes for wood poles. 


153. Spacing of Poles at Corners—Guy Wires.—In order to 
reduce the stresses, not only on the pole itself, but also on the 
insulator pins and cross-arms, it is usual to shorten up the spans 
on each side of the corner pole. The reduction in length of span 
will depend upon the amount by which the direction of the wires 
departs from the straight run. A rough and ready rule is to 
reduce the span length 114 per cent. for each degree of deviation 
from the straight line. For angles less than 5 degrees, it is not 
necessary to alter the span. 

It is not advisable to turn more than 25 degrees on one pole, 
and whenever the side strain is likely to be excessive, double 
cross-arms and insulators should be used. By giving proper 
attention to the matter of guying and to the mechanical con- 

21 
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struction generally, it is not difficult to meet all requirements at 
points where a change of direction occurs. 

A safe plan is to assume that a corner pole must carry the full 
load without breaking if the guy wire or wires should fail to take 
their proper share of the load: but all corner poles should be 
propped or guyed for extra safety, and to avoid the unsightly 
appearance of poles bent under heavy side stresses or set at an 
angle with the vertical. 

Sometimes when sharp corners have to be turned, the spans on 
each side are “‘dead-ended”’ on poles with double fixtures. Such 
poles are head-guyed, and the span adjoining the guyed pole is 
usually shortened, being not more than three-fifths of the average 
spacing. For further particulars of common practice in guying 
poles in special positions, the reader is referred to the sample 
specification for wooden pole line in Appendix II. 


Fic. 119.—Diagram of stresses at corner pole. 


The non-synchronous swaying of wires in a high wind, al- 
though uncommon, sometimes occurs on wood pole lines, being 
aggravated by the difference in the natural period of oscillation 
of poles and wires. This trouble can generally be cured by guy- 
ing one or more of the poles at the place where the wires have 
been found to swing non-synchronously. 

Guy wires should be of galvanized stranded steel cable, the 
breaking strength of which should preferably not exceed about 
34 tons per sq. in. The reason for this limitation of strength is 
that the high-strength steel is usually too hard to allow of proper 
handling and finishing off. 

154. Load to be Carried by Corner Poles.—If P is the total 
tension in pounds of all the wires on each side of the corner pole, 
and if @ is the angle of deviation as indicated in Fig. 119, then the 
resultant pull in the direction OW at the pole top will be, 


Wah epithe (5) (153) 


The stress in the guy wire is readily calculated when the angle 
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a (Fig. 120) which the wire makes with the vertical is known. 
If W is the side pull as calculated by formula (153), then 


Tension in guy wire = 


BD WEXOe 
aed 


155. Props or Struts—Wood Poles in Compression.—Some- 
times it is difficult or impossible to provide guy wires in certain 
locations; or impurities in the atmosphere may render the 
use of props or push braces preferable to guy wires. In such cases 
it is necessary to know approximately what load a wooden pole 
will support in compression, that is to say when used or considered 
as a column. Instead of using the values of unit stress, S, as 


sin a 


(154) 


Oo W (ibs.) 


C D 


Fig. 120.—Diagram of stress in guy wire. 


given in the Table on p. 314, the ultimate stress which a wood 
column will stand in compression should be calculated by the 
empirical formula: 
: , l 

Stress in compression (Ib. per sq. in.) = S (1 — aaa) (155) 
where / is the length in inches, and d is the diameter or least 
thickness at the center of the strut. 

Example.—Calculate the safe load for a prop of Douglas fir, 


8 in. diameter and 10 feet long, assuming a safety factor of 6. 
By formula (155) the breaking stress will be 


120 : 
6500 (1 a 8 = 4870 lb. per sq. in. 
and the maximum safe load will be 
4870 . 7 


aoe x = & 64 = 41,000 lb. 


6 4 
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156. Reinforced Concrete Poles.—As substitutes for wood 
poles supporting overhead wires, steel poles of the tubular form 
and latticed steel masts are used. The full advantage of the 
galvanized or painted steel structure is best realized in the 
high towers with extra wide spacing, such as are used for the 
transmission of electric energy at high pressures. The use of 
Portland cement for moulded poles of moderate height is by no 
means new; the experimental stage has long ago been passed, and 
with the deplorable but no less rapid depletion of our forests and 
the incomparably longer life of the concrete poles, these will 
probably be used in increasing numbers during the next few 
years. 

There is much to be said in favor of the wood pole when the 
right kind of timber, properly seasoned and treated, is used; 
but, apart from the general unsightliness of wood poles in urban 
districts, their life is uncertain and always comparatively short. 
In Switzerland the experiment has been tried of covering the 
ordinary wood pole with concrete mortar about 1 in. thick. The 
strength, and especially the life, are greatly increased thereby, 
as the decay which so frequently occurs at ground level will be 
largely, if not entirely, prevented; but it is doubtful whether the 
system will, in the long run, prove satisfactory or economieal. 
The ideal material to use for reinforcing concrete is undoubtedly 
steel or iron. Longitudinal rods or bars of iron can be placed 
exactly where required to strengthen those parts of the pole sec- 
tion that will be in tension, and the concrete, filling up the spaces 
between the reinforcing rods, takes the place of all bracing and 
stiffening members of the ordinary steel structure in an almost 
perfect manner. It is probably at this time generally admitted 
that iron embedded in cement will last almost indefinitely without 
suffering any deterioration. When excavating for the founda- 
tions of the new General Post Office in London, England, some 
old Roman brickwork was discovered in which the hoop-iron 
bonds were still bright and in perfect condition. The life of a 
concrete pole is, in fact, almost unlimited, a consideration which 
should not be overlooked when estimating the relative costs of 
different kinds of supporting structures. It requires no painting 
and practically no attention once it is erected. If any small 
cracks should at any time develop, they can readily be filled with 
cement. 

While referring to the advantages of the cement pole it may be 
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added that every pole is virtually a lightning rod, an advantage 
which it shares with the steel pole or tower. On lines where both 
timber and concrete poles have been used and where many wood 
poles have been shattered by lightning, the concrete poles have 
rarely been struck. ‘There is an instance of a concrete pole of the 
Marseilles (Ill.) Land & Water Company having been struck, but 
the only damage done was the chipping out of a small piece at the 
top of the pole and one at the bottom where the current entered 
the ground after following down the steel reinforcing bars inside 
the pole. 

157. Weight and Cost of Concrete Poles——The weight of 
concrete poles is necessarily considerable, and unless the poles 
are made near the site where they will be erected the cost of 
transportation will generally be prohibitive. Concrete poles 
usually measure 6 in. at the top with a base width of 10 in. to 
14 in. depending on the height. It is, however, quite permissible 
to use poles with 5 in. top measurement, in which case the base 
measurement might be about 9 in. for poles not exceeding 
25 to 30 feet overall length. 

The weight of concrete is about 150 Ib. per cubic foot, and the 
cost of poles will range between 35c. and 70c. per 100 Ib. 
Should it be found that conditions of labor, transportation, ete.., 
are such that the cost would be in excess of 70c. per 100 lb. it is 
probable that steel or wood supports would prove more econom- 
ical than reinforced concrete. 

On the basis of 50c. per 100 lb. weight of the finished pole, 
the following figures indicate roughly the approximate cost of 
concrete poles. The lengths given are the overall lengths, 
including the portion buried in the ground. The weights are 
such as might be expected for poles designed with hollow cores. 


Length, ft. Weight, lb. | Cost 
—s oe : 

30 | 1800 $9.00 

35 2200 11.00 

40 3600 16.00 


The great weight of concrete poles is probably the most serious 
objection to their more general adoption in the place of wood 
poles, where the latter are not readily obtainable or where their 
appearance is unsightly. 
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It is probable that the concrete poles of cross-country transmis- 
sion lines are usually made somewhat heavier than the strength 
requirements necessitate because, being moulded on site, not 
always with the best and most convenient appliances, they are 
made solid throughout or through a large part of their length, 
whereas a hollow construction would have been adopted had 
suitable collapsible cores been available. 

Poles up to 35 ft. in length are usually moulded in a horizontal 
position, the forms being removed after three or four days. After 
a period of seasoning lasting from two to three weeks they are 
erected in the same manner as wood poles. 

Poles longer than 35 ft. are often moulded in a vertical position. 
The forms are set up immediately over the hole previously pre- 
pared for the pole base. They are set truly vertical and tempo- 
rarily guyed, the reinforcing inside the form being held together 
and in position by whatever means of tying or bracing may be 
adopted. Sometimes iron wire is used, but more uniform results 
are obtained by using specially designed iron distance pieces with 
the required spacing between them. The concrete is raised to 
the top of the mould by any suitable and economic means (pref- 
erably direct from the concrete mixer by an arrangement equiva- 
lent to the ordinary grain elevator) and is dropped in. By 
this means the hole in the ground is entirely filled with concrete. 
No tamping is required, a firm hold being obtained, since the 
ground immediately surrounding the concrete base has not been 
disturbed. 

The best quality of crushed stone and sand should be used, the 
usual proportions being: cement, one part; sand, two parts; 
crushed stone, three or four parts, not too large to pass through a 
34-in. screen. The mixture used for the poles on the Pennsyl- 
vania Railroad is 1.5:2:4. When gravel is used the mixture 
may be one part of Portland cement to five parts of gravel, pro- 
vided that the latter is graded, including sand, and with the 
largest pieces of a size to pass through a 34-in. screen. 

The cost of concrete poles, when the long life and other ad- 
vantages are taken into account, does not compare unfavorably 
with that of other types; but it must not be overlooked that the 
cost of materials and labor required to manufacture the poles does 
not represent the cost of the finished pole erected in position. 
Much valuable information on the costs of manufacture and hand- 
ling of concrete poles, together with practical details relating to 
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methods of manufacture, will be found in Mr. R. A. Lundquist’s 
book on Transmission Line Construction.! The reader is also 
referred to an article by Mr. J. G. Jackson who describes in the 
Electrical World of Jan. 17, 1914, how the concrete poles used on 
the Toronto Hydro-electric system were manufactured. The 
article by Mr. R. D. Coombs, in the Electrical World of Feb. 6, 
1915, and a more recent article entitled ‘Concrete poles carry 
22,000-volt power line,” in the Electrical World of Feb. 9, 1918 
(Vol. 71, p. 296) should also be consulted by those desiring fur- 
ther information on concrete-pole transmission lines. 

As an example of a concrete-pole line, the transmission line 
of the Northern Illinois Light and Traction Company, of Mar- 
seilles, Ill., may be mentioned. This company transmits three- 
phase energy at from 30,000 volts to 33,000 volts. Most of the 
poles used are about 30 ft. high, spaced from 125 ft. to 132 ft. 
apart. The section is square, with 6-in. sides at the top of the 
pole and 9 in. at the base. The reinforcing consists of six 14-in.- 
square steel bars through the entire length of the pole. Many 
of the concrete poles on this line have now been in position over 
nine years, and they have given entire satisfaction. 

158. Strength and Stiffness of Concrete Poles.—When design- 
ing a concrete pole to withstand a definite maximum horizontal 
load applied near the top, the pole is treated as a beam fixed at 
one end and loaded at the other. The calculations are very 
simple if certain assumptions are made, these being as follows: 

(1) Every plane section remains a plane section after bending. 

(2) The tension is taken by the reinforcing rods. 

(3) The concrete adheres perfectly to the steel rods. 

(4) The modulus of elasticity of concrete is constant within 
the usual limits of stress. 

The ultimate crushing stress of the concrete may be taken at 
from 2000 to 2600 lb. per square inch. The reinforcing bars 
should be covered with concrete to a depth of not less than 1 in. 
The effect of keeping the reinforcing bars under tension while the 
concrete is poured in the mould and until it has hardened sufhi- 
ciently to support the strain itself has been tried and found to im- 
prove the performance of the poles, but it is doubtful whether the 
extra apparatus and labor required are justifiable on economic 
grounds. When subjected to excessive load a concrete pole will 
generally yield by the crushing of the material in the base near 

1 McGraw-Hill Book Co. 


328 ELECTRIC POWER TRANSMISSION 


ground level; but, unless it is pulled out of its foundations, it 
will not fall to the ground. 

The comparative rigidity of concrete poles cannot be said 
to be a point in their favor, as the flexibility and elasticity of 
wood poles and some forms of steel structures are features of 
undoubted advantage under certain conditions. On the other 
hand, the degree of deflection of concrete poles before breaking 
is remarkable. The elastic limit is variable, and no exact figure 
can be given for the elastic modulus of cement concrete; it may 

be as low as 1,000,000 but for a 


eae he Up ete . . 1 
pit 1:2:4 mixture 2,000,000 may be 
a taken as a good average figure for 
iP approximate calculations. 


Some tests made on 30-ft. con- 
crete poles gave deflections of from 
3 in. to 4 in. at a point near the top 
of pole, when subjected to a test load 
equal to about double the maximum 
working Joad.t Another series of 
tests made recently in England on 
some 44-ft. poles of hollow section, 
Reetont A Aaa? in. square at the base and 8 in. 


35- 


A-}LA square at the top (inside dimensions 
~ 13 in. and 4 in. respectively), with 
women} SOI loads applied 38.5 ft. above ground 


level, gave a deflection of 66 in. 
under a horizontal load of 10,500 lb., 


= oe and the permanent set on removal 
tha: of load was 21 in. The pole did not 
ues Lea ecaeenis pole of — fail completely until the deflection 
ollow section. : 
was 78 in. 


The illustration Fig. 121 shows a typical concrete pole of 
hollow section suitable for carrying six transmission wires on two 
wooden cross-arms. ‘The pole is 35 ft. long over all, about 6 ft. 
being buried in the ground. With a top measurement of 7 in. 
square and a taper to give an increase of | in. width for every 5 ft. 
of length, the size at the bottom will be 14 in. square. The 


1 These poles were probably of large cross-section. Some tests made on 
poles measuring 10 in. square at the base and 32 ft. high gave a deflection 
of just over 2 ft. with a horizontal load of 2000 lb. applied near the top. 
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drawing shows a section through the hollow pole taken at a 
point about 4 ft. above the ground level. Iron spacing pieces, as 
here shown, or their equivalent, must be placed at intervals to 
hold the longitudinal stéel reinforcing bars in the proper position. 
The number of rods will vary with the distance below the point 
of application of the load. The bending moment to be resisted 
at every point being known and the taper of the pole decided 
upon, the amount of reinforcing required at any given section is 
easily calculated. The weight of a pole as illustrated would be 
about 2700 Ib. without fixtures. The reinforcing rods and 
spacing rings would account for approximately one-seventh of 
the total weight. A factor of safety of four is generally employed 
in strength calculations of reinforced concrete poles. In some 
cases the calculations have been based on a safety factor 
of 5; but there appears to be no justification for using so large 
a factor. 

159. Steel Poles and Towers—Introductory Remarks.—It can- 
not be said that there is at the present time one standard type of 
steel structure for supporting the conductors of overhead trans- 
mission lines; neither is it likely that one particular design 
will ever be found suitable for all countries, climates and voltages. 
Any kind of supporting structure which will economically fulfil 
the necessary requirements will answer the purpose of the trans- 
mission line engineer, who merely requires a durable mechanical 
structure to carry a variable number of insulators at a height 
above ground, and with a spacing between them, depending upon 
the voltage of transmission and the length of span. 

As a substitute for wood poles, steel tubes have been used, 
either in one piece, or built up of several sections of different 
sizes in order to economize material and give a large diameter at 
the bottom where the bending moment is greatest, and a small 
diameter at the top where the bending moment is negligible. 
Steel poles of considerable height, suitable for longer spans, may 
be built up of three or four vertical tubes of comparatively small 
diameter joined and braced together at suitable intervals to give 
stiffness to the structure. It is doubtful whether, in the long 
run, such composite tubular structures will hold their own against 
the small-base latticed steel masts built up of standard sections of 
rolled steel, as used extensively on the continent of Europe, and, 
to a relatively smaller extent, in America. The term “tower” 
is applied mainly to the light steel structures in which the spac- 


330 ELECTRIC POWER TRANSMISSION 


ing between the main upright members, at ground level, is large 
compared with the height of the structure; the usual proportion 
—which will generally be found to be the most economical in 
material—being 1 to 4; that is to say, if the base is square, the 
side of this square will be about one-quarter of the distance from 
the point of measurement to the top of the tower. If the towers 
are large, the footings are usually separate pieces which are cor- 
rectly set in the ground by means of a templet, and to which the 
legs of the tower proper are afterward bolted. A good example 
of large steel towers is to be found in the 100,000-volt trans- 
mission line of the Great Western Power Co. of California. Two 
three-phase circuits are carried on these towers, the vertical 
spacing between the cross-arms being 10 ft. There are three 
cross-arms, each carrying two conductors—one at each end. 
The horizontal spacing between wires is 17 ft. on the two 
upper cross-arms and 18 ft. on the lower cross-arm, which is 51 
ft. above ground level. No conductor is closer than 6 ft. 
5 in. to the steel structures, this being the minimum clearance 
in the horizontal direction. The average distance between 
towers is 750 ft., and they are joined at the top by a grounded 
guard wire 5 ft. above the bottom of the highest cross-arm. 
The base of the tower measures 17 ft. square, the parts under 
ground being separate pieces of steel, buried to a depth of 6 ft. 
to which the tower proper is bolted after being assembled and 
erected on site. 

Although the larger towers are nearly all built of the square 
type as used for windmills, there is a notable exception in the 
case of the 140,000-volt line in Michigan, where the towers 
are of a special three-legged type, built up entirely of angle 
sections. 

Fig. 122 shows a typical form of small-base latticed steel mast 
on the transmission lines of the Iowa Railway and Light Com- 
pany, Cedar Rapids, Iowa; while Fig. 123 is a good example of 
square base tower carrying two three-phase lines. These 
illustrations are reproduced from photographs kindly supplied ~ 
by the Ohio Brass Co. of Mansfield, Ohio. The large towers of 
Fig. 123 were designed and constructed by the American Bridge 
Co. of Pittsburg for the American Gas and Electric Company’s 
130,000-volt transmission between Wheeling, W. Va. and Canton, 
Ohio. The six conductors are each of 200,000 circular mil 
cross-section, and the two grounded guard wires are of the same 
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size. The line is 55 miles long, and the average length of span is 
580 feet. 

The economical span for the square latticed poles, of the type 
shown in Fig. 122, is ‘probably something less than 450 feet; 
but for comparatively light lines, this form of structure with 
spans of 400 to 430 feet is very satisfactory. 

160. Flexible Towers.—Although calculations of stresses in 
transmission lines are usually based on the assumption that the 
ends of each span are firmly secured to rigid supports; this con- 
dition is rarely fulfilled in practice; there is some “give”? about 
the poles or towers, especially when the line is not absolutely 
straight, and the insulator pins will bend slightly and relieve the 
stress when this tends to reach the point at which the elastic 
elongation of the wires will be exceeded. Then, again, the wires 
will usually slip in the ties at the insulators, even if these ties are 
not specially designed to yield or break before damage is done to 
the insulators or supporting structures. The use of the suspen- 
sion type of insulator, which is now becoming customary for 
the higher voltages, adds considerably to the flexibility of the 
line. 

In regard to the towers themselves, all steel structures for 
dead-ending lines or sections of lines are necessarily rigid, and 
the usual light windmill type of tower with wide base is also 
without any appreciable flexibility. The latticed steel masts, as 
used more generally in Europe than in America, are slightly 
more flexible, and the elastic properties of the ordinary wood 
pole are well known. The deflection of a wood pole may be 
considerable, and yet the pole will resume its normal shape when 
the extra stress is removed. There is much to be said in favor 
of so-called flexible steel structures; that is to say, of steel sup- 
ports designed to have flexibility in the direction of the line, 
without great strength to resist stresses in this direction; but 
with the requisite strength in a direction normal to the line, to 
resist the side stresses due to wind pressures on the wires and the 
supports themselves. 

Such a design of support has the important advantage of being 
cheaper than the rigid tower construction, in addition to which it 
gives flexibility where this is advantageous, with the necessary 
strength’ and stiffness where required. The economy is not only 
in the cost of the tower itself but in the greater ease of transport 
over rough country, the preparation of the ground, and erection. 
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The advantages of flexibility in the direction of the line are 
considerable. Probably the most severe stresses which a trans- 
mission line should be capable of withstanding are those due to 
the breakages of wires. Such breakages may be caused by ab- 
normal wind pressures, by trees falling across the line, or by a 
burn-out due to any cause. Suddenly applied stresses such as are 
caused by the breaking of some or all of the wires in one span are 
best met by being absorbed gradually into a flexible system. 
The supports on each side of the wrecked span will bend toward 
the adjoining spans because the combined pull of all the wires 
in the adjoining spans is greater than the pull of the remaining 
wires, if any, in the wrecked span. This movement of the pole 
top results in a reduction of tension in the wires of the adjoin- 
ing span owing to the increased sag of these wires; there will be 
an appreciable deflection of the second and third poles beyond the 
break, but the amount of these successive deflections will de- 
crease at a very rapid rate and will rarely be noticeable beyond 
the fourth or fifth pole. It is obvious that, as the remaining 
wires in the faulty span tighten up, the stress increases; but 
the combined pull of these wires on the pole top is smaller than 
it was before the accident, since it is assisted by the pull of the 
deflected poles, and these joint forces are balanced by .the 
combined pull of all the wires in the adjoining sound span, which 
pull, as previously mentioned, is smaller than it was under normal 
conditions. 

The greater the flexibility of the supports in the direction of the 
line, the smaller will be the extra load which any one support 
will be called upon to withstand; on the other hand, it is usual to 
provide anchoring towers of rigid design about every mile on 
straight runs, and also at angles, in addition to which every 
fifth or sixth flexible tower may be head-guyed in both directions. 
In the writer’s opinion, too much stress is usually laid on the 
necessity for providing rigid strain towers at frequent in- 
tervals to prevent the effect of a break in the wires, or the failure 
of a single support travelling along the line and causing in- * 
jury to an indefinite number of consecutive spans. The semi- 
flexible structures referred to are not designed, or should not 
be designed, without very careful consideration of the conditions 
they have to fulfil; and there appear to be no scientific reasons, 
and no records of injury ta actual lines, which would justify 
the assumption that transmission lines of this type are liable to 
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Vie. 124.—Flexible steel tower line. 
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be wrecked in the same wholesale or cumulative manner as a 
row of card houses. The strain towers are undoubtedly helpful 
at the time when the wires are strung; but it is possible that 
they are used at more frequent intervals than the economies of 
sound engineering require. 

In level country, a modified clamp in the form of a sleeve 
with flared ends may be used in conjunction with the lighter 
(and cheaper) flexible type of supporting structures; and a com- 
promise between the loose sleeve and the rigid clamp or tie can 
be used on all lines with flexible supports. Clamps of this 
type are designed to allow the wire to slip before the combined 
pull of all the wires exceeds the load that will permanently de- 
form the supporting structure; and although it is almost impos- 
sible to ensure that such devices will remain for any length of 
time in the same condition as when they are installed, yet 
they will generally afford a reasonable degree of protection in 
the event of the simultaneous breaking of all the wires in one 
span. It is not unusual to carry a galvanized Siemens-Martin 
steel strand cable above the high-tension conductors on the tops 
of the steel structures. This has the double advantage of 
securely, but not rigidly, tying together the supports, and of 
providing considerable protection against the effects of light- 
ning. The disadvantages are increased cost and possible—but 
not probable—danger of the gounded wire falling on to the con- 
ductors and causing interruption of supply. 

The dead-end towers should be capable of withstanding the 
combined pull of all the wires on one side only, when these are 
loaded to the expected maximum limit, without the foundations 
yielding or the structure being stressed beyond the elastic limit. 
The flexible supports must withstand, with a reasonable factor of 
safety, the dead weight of conductors, etc., and the expected maxi- 
mum side pressures; but in the direction of the line their strength 
must necessarily be small, otherwise the condition of flexibility 
cannot be satisfied. 

It is easy to design braced A-frame or H-frame steel structures 
of sufficient strength to withstand the dead load and lateral 
pressure and yet have great flexibility, with correspondingly 
reduced strength, in the direction of the line. Great care must 
be used in designing a line of this type so that strength and dura- 
bility shall not be sacrificed to lightness and flexibility without 
very carefully considering the problem in all its aspects. 
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The assumptions made for the purpose of simplifying strength 
calculations are not always permissible. For instance the effect 
of a twist in these flexible structures is sometimes overlooked; 
but when there is inequality of tension in the wires on the two 
sides of the structure, the fact that the section passing through 
the two main upright members is no longer a plane at right 
angles to the direction of the line accounts for the lessened 
strength of such a flexible design to resist loads due to high winds 
blowing across the line. It is not safe to adopt the flexible type 
of transmission line support without expert advice and adequate 
engineering supervision. As an approximate indication of pres- 
ent-day practice in arriving at the load in the direction of the 
line for which flexible structures should be designed, it may be 
stated that a load of from one-twentieth to one-tenth of the total 
load for which the rigid-strain towers are designed should not 
stress the intermediate flexible structures beyond the elastic 
limit. It is well to bear in mind that at the moment of rupture of 
one or more wires on a “‘flexible’’ transmission line the resulting 
stresses in the structures and remaining wires will be in the nature 
of waves or surges until the new condition of equilibrium is 
attained, and the maximum stresses immediately following a 
rupture will generally exceed the final value. 

The mathematics required for the exact derenmumetion of 
stresses and deflections in a transmission line consisting of a 
series of flexible poles is of a very high order, even when many 
assumptions are made which practical conditions may not justify; 
but the limiting steady values of these stresses and deflections 
can be calculated in the manner described in Article 170 at the 
end of this chapter, and as the range between these limits will 
usually be very small, the probable maximum stresses under 
given conditions can be estimated with a reasonable degree of 
accuracy. The illustration Fig. 124 kindly supplied by Messrs. 
Archbold Brady and Co., shows a common form of “ flexible’’ 
high voltage transmission line following a railway. 

161. Steel Poles for Small Short-distance Transmission’ 
Schemes.—As a substitute for wood poles, light steel structures 
that can be shipped and erected in one piece appear to be gain- 
ing favor. Small amounts of energy at comparatively low 
voltages can be transmitted over distances of 20 to 30 miles by 
overhead wires supported on steel poles at a cost which need be 
no higher, and is sometimes even lower, than if the less durable 
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and less sturdy wood-pole construction is adopted. One type 
of steel pole for small lines is the Bates One Piece Expanded 
Steel Truss of which Fig. 125 is an example. These poles are 
manufactured by the Bates Expanded Steel Truss Co. of Chi- 
cago, with the idea that wooden poles are gradually giving out 
and that this is a practical substitute, the pole being made in 
one piece without bolted or riveted lattice work. <A pole of this 
type is easily and economically painted. Another make of light- 
weight steel pole is shown in Fig. 126. This is manufactured by 
the Carbo Corporation of Chicago, which makes a specialty of 
steel poles for the economical construction of moderate voltage 
small-power transmission lines. Steel poles of the type under 
discussion would range from 25 ft. to 35 ft. in height and would 
be spaced from 250 to 300 feet apart. 

162. Loads to be Resisted by Towers.—The maximum load 
which a tower must be designed to withstand will depend upon 
the number and size of wires to be carried and the estimated 
ice coating and wind velocity. Apart from the wind pressure on 
the structure itself, the loading in a direction transverse to the 
line will be equal to the resultant wind pressure on all the wires 
(which may or may not be ice coated, depending on the climate) ; 
the effective length of each wire being the distance between 
supports. 

In the direction of the line, the forces are normally very nearly 
balanced, but in the event of one or more wires breaking, the 
unbalanced load may be considerable, and it is well to design 
the towers, if possible, to withstand the stresses imposed upon 
them if two-thirds of all the conductors in one span are severed. 
It must not be overlooked that if the wires break in one span only, 
the cross-arm, if pin type insulators are used, will be subjected to 
a twisting moment; and if the break in the wires is at one end 
only of the cross-arm, the whole tower is subjected to torsional 
strain. 

The vertical or dead loads consist of the weight of the tower 
itself and the wires of one span, with possible increase in weight 
due to sleet or ice. The cross-arms must be of ample strength to 
take all vertical loads including weight of insulators, with a mar- 
gin to cover the extra weight of men working on the tower. 
The approximate weight of insulators is given in the following 
table: 
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Working line voltage Weight of insulator, lb. 
| 
22,000) _. i 
race (SUING Oss commences nord Gere lot OGG Orch oioim mola facta ogra ¢ 1 419 
66,000 ) ae 
88,000 } 55 
110,000 SUS MIOLING Loco hose adebn dodo do oadoo & by eae eects “0 
140,000 } 90 


If a weight is attached to the lowest unit in a string of suspen- 
sion insulators with the object of limiting the angle of deflection 
from the vertical when a high wind is blowing across the line, 
this must be taken into account when determining the loads to 
be resisted by the supporting structure. 

Particulars regarding wind pressures were discussed in Article 
131 of the preceding Chapter. The wind velocity rarely 
exceeds 80 miles per hour either on the American continent or in 
England. ‘Tornadoes and cyclones are not considered, because 
attempts to design overhead lines strong enough to withstand 
them, would hardly be justified. In regions where sleet de- 
posits are to be expected it appears to the writer unreasonable to 
base calculations on a heavier loading than that described as 
Class B on p. 271 of Article 131. That is to say, an ice coating 
0.5 in. thick is very rarely exceeded, and when the conditions 
are such as to permit this formation, a wind velocity exceeding 
60 miles per hour (corresponding to 8 lb. per foot pressure) is 
not likely to occur. 

In regions where strong winds may be expected, but where 
sleet deposits do not occur, a maximum wind velocity of 76 
miles per hour seems a reasonable assumption. This corresponds 
to a pressure of 21 lb. per sq. foot of flat surfaces on towers, 
and 14 lb. per sq. foot of projected surface of wires and cylin- 
drical poles. The total transverse load is dependent upon 
the length of span, which must be determined with due regard 
to economic considerations. 

163. Design of Steel Towers.—Although details of design and 
the proportioning of parts are matters best left to the manufac- 
turer, the general type of supporting structure to be used under 
given conditions should receive careful attention. The most 
economical design of tower to withstand the probable loads 
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that it will be subject to, and to satisfy local conditions, includ- 
ing such considerations as transport and erection facilities, is a 
problem deserving close attention on the part of the engineer 
responsible for the design of the transmission line. A study of 
the probable loads to be resisted under the worst weather con- 
ditions will enable the designing engineer to specify certain test 
loads which will ensure that the finished structure will be strong 
enough to fulfil the practical requirements. The proper value of 
these test loads and their distribution or point of application 
should be determined only after mature consideration. The 
cost of a tower—apart from the height, which is a function of 
the length of span—is determined largely by the specifications 
of test loads. A specification calling for tests that are unneces- 
sarily severe, is just as true an indication of incompetence on the 
part of the designing engineer as a specification giving test 
conditions that will result in a tower too weak for the actual 
requirements. 

The calculation of stresses in the various members of so simple 
a structure as a transmission line tower is not a difficult matter, 
especially if graphical or semi-graphical methods are adopted. 
If the designing engineer will make sketches of two or three al- 
ternative designs likely to fulfil the required conditions, he should 
be able quickly to calculate the approximate value of the stresses 
in the principal members, and so obtain a rough idea of the rela- 
tive weights and costs of alternative designs. The danger of 
leaving the problem entirely in the hands of the manufacturer is 
that the latter is always tempted to put forward a design of which 
he has perhaps made a specialty, and which may have given 
entire satisfaction in practice without necessarily being the best 
type of structure for the purpose, or being entirely suitable for 
use under different conditions. 

164. Stresses in Compression Members of Tower Structures. 
—The failure of steel towers under excessive loads is almost 
invariably due to the buckling of the main leg angles in compres- 
sion. The designer should therefore pay special attention to the 
proportioning of compression members in the structure. With- 
out going into a discussion of the many empirical formulas used 
for determining the loads that struts or columns can withstand, 
it may be said that, for tower designs, the ‘straight line’’ for- 
mula, as suggested by Burr, is quite satisfactory provided the 
ratio 1 + r lies between 40 and 200; this last figure corresponds 

22 
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to a length of compression member not exceeding about twenty 
times the width of flange. This formula is 

Scomp, = K — Rl/r) (156) 
where K and k are constants, 


/ is the length, in inches, of unsupported portion of com- 
pression member, 
r is the least radius of gyration, in inches, 


_ qeouet of inertia 
area of section 


Scomp. 18 the unit stress (lb. per sq. in,) in the column. 


The ultimate stress which will cause compression members of 
steel towers to collapse is approximately expressed by the 


formula, 


Scomp. = 35,000 — 120° (157) 


Assuming a factor of safety of 214, we may write: 
Safe working S.omp. = 14,000 — 43 (158) 


which may be used in the design of steel towers. A similar 
formula, which is in common use for calculating safe loads in 
compression members of steel structures is: 


Spann — 16,000 —_ 70° (159) 


This formula (159) is a safer one than (158) to use when the 
ratio l/r is large; but in any case it is recommended that l/r 
shall not exceed 120 for main members and 150 for lateral or 
secondary members. The fact that, for a given cross-sectional 
area, the shape of the section is an important factor in determin- 
ing the stiffness and ultimate strength of the members in com- 
pression, suggests that, where lightness and economy of material - 
are of great importance, a section of structural steel having a large 
moment of inertia per square inch of cross-section should be 
chosen. The standard sections of rolled angles or tees are some- 
times replaced by steel tubes. 

As an example of the relative economy of the tubular form and 
other forms of section, when used as comparatively long struts, a 
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Fia. 127.—Steel tower with members of tubular section. 
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steel tube 7 in. internal diameter, 1 in. thick, weighing 10 lb. 
per foot, will be as efficient in resisting compression as a steel 
angle 714 in. by 744 in. by 14 in. thick, weighing 25 lb. per 
foot, or as an I beam 8 in. by 6 in. by 14 in. thick, weighing 
35 lb. per foot. So large a tube would not be required except 
in very high towers: a tube from 4 to 5 in. diameter would gen- 
erally be large enough for the main members of a transmission 
line tower up to 100 ft. high. The illustration, Fig. 127, is from 
a drawing kindly supplied by Messrs. Stewarts and Lloyds, 
Limited, of Glasgow, Scotland; it represents a tower 146 feet 
high as supplied for a power transmission line in the south of 
England. 

165. Outline of Usual Procedure for Calculating Stresses in 
Tower Members.—The illustration, Fig. 128, which is reproduced 
by kind permission of the Shawinigan Water and Power Co., 
and the Canadian Bridge Co., Limited, shows a typical square- 
base galvanized steel tower as used on the Three Rivers line of the 
Shawinigan Water and Power Co. of Montreal. These towers 
are designed to carry six aluminum conductors of nineteen 
strand 200,000 circular mil cable, each being supported by seven 
suspension disks of the Ohio Brass Co.’s standard type. In 
addition to the conductors, there are two ground wires of 3¢ in. 
stranded Siemens-Martin steel cable attached to the points 
(1) at each end of the upper cross-arm. The line is built for 
100,000 volts. 

The method of procedure in calculating stresses is to make a 
sketch showing the points of application, and the vertical and 
horizontal components, of the outer forces. Then indicate by 
arrows the assumed horizontal and vertical components of the 
reactions, using the suffixes R and L to indicate the direction or 
assumed direction of the horizontal components. Since the 
whole structure is in equilibrium under the influence of the 
various loads and reactions, it is merely necessary to see that the 
three following conditions are satisfied at any point considered: 

(a) The sum of all vertical force components = zero. 

(b) The sum of all horizontal foree components = zero. 

(c) The sum of all moments about any point = zero. 

When taking moments in any particular plane, all those in a 
clockwise direction would be considered positive and those in a 
counter-clockwise direction negative. All joints are considered as 
frictionless pivots, which assumption is, of course, not strictly 
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correct, especially in the case of riveted joints. It is usually 
an easy matter to choose a section through the structure in 
such a position that the stresses in a given bar can readily be 
calculated by applying one or more of the three equations of 
equilibrium. 
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Fig. 128.—Steel tower with members of angle section. 


The sketch, Fig. 129, will serve to illustrate the method usually 
followed in calculating the stresses in the main members of a 
tower structure such as the one shown in Fig. 128. The loading 
considered is that corresponding to the condition of test loads 
I and V applied simultaneously. 
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The point at which the horizontal breast pull of 12,000 lb. is 
applied corresponds approximately to the point 65 ft. above 
ground level where the corner legs would meet if produced beyond 
the points (13). The weight of the tower (which it is supposed 
has not yet been designed in detail) is taken at 4000 lb., and this, 
together with the test load V, gives a resultant vertical loading of 
12,800 lb. applied somewhere on the center line of the tower. 

Consider a section such as X Y which cuts only three members, 

namely, the leg A at ground level, 

ee St Sx ok Or 1200 Ibs. the leg B just above joint O’, and 
i i the diagonal brace C. 

| i Select a point O where the mem- 

alo bers A and C meet, and consider 

| the moments, in the plane of the 


aie paper, which are produced about 
=] bs, 


x 


this point by the external forces 
and the reactions in the members 
severed by the imaginary section 
XY. Itis obvious that the stresses 
in A and in C have no effect on the 
tendency of the part of the struc- 
ture above the section line to rotate 
on the point O, and the whole of 
the externally applied turning 

moment must be resisted by the 
- i einem eat stress in the member B. Therefore 


Fia./ 129.—Sketch for calculation (12,800 x 5.75) oti (12,000 x 
of stresses in tower members. 47.5) = (x x 11:5) = 0 


from which it is found that « = 56,000 lb. 

Since there are two members B taking the whole crushing stress, 
the total load tending to crush the one member B is 28,000 lb. 
The length of the unsupported portion of this member is 5.5 ft. 
or 66 in. The cross-section of 4in. X 4 in. X 14 in. angle is 1.93 
sq. in.; and the least radius of gyration, r = 0.79. The test load 
should not strain the tower beyond the elastic limit. Using the 
formula (157), the ultimate stress is, 


65 


S=comp. 35,000 — 120 cv) 


= 25,000 
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This corner member is therefore capable of supporting, just before 
collapse, a compressive load of 1.93 & 25,000 = 48,300 lb. It 
should be of ample strength to resist the test load of 28,000 lb. 
without permanent deformation. 

Turning now to the uplifting force acting in the member A and 
tending to pull up the foundation, the center from which the 
moments are calculated is shifted to the point O’ where the mem- 
bers C and B meet. The equation of moments is now, 


(12,000 x 65) — (12,800 X 8) — (x x 16) = 0 
whence x = 42,300 


and the tension in one corner angle A is 21,150 lb. 

The above example briefly describes what is known as the 
method of moments. It has been assumed that the tower side 
under consideration lies in the same plane as the external forces: 
but the error introduced is practically negligible. It is an easy 
matter, if desired, to make the necessary correction. 

When calculating the stresses in a diagonal member such as C of 
Fig. 129, the moments would be taken about the point O”, 
which is the junction of the members A and B; but in that case 
the actual loads on cross-arms and the wind pressure on the side 
of the tower would have to be taken into account and sub- 
stituted for the concentrated test load of 12,000 lb. at the point 
O” which does not produce any stress in the brace C so long as the 
corner angle A remains truly straight and exerts no lateral pres- 
sure at the point O. The method of moments can usually be 
applied for all sections of a tower structure if the imaginary 
dividing planes are properly placed. The counter members or 
ties that are not in tension under the conditions of loading con- 
sidered are usually assumed to be non-existent, 7.e., to serve no 
useful purpose as compression members. 

When computing the stresses in the flexible ‘“A’’-frame steel 
structures it is assumed that the structure remains always 
normal to the line in a vertical plane; but unbalanced forces 
in the conductors will actually deflect the frame from this position 
and so reduce its possible resistance to transverse loads. It is 
practically impossible to calculate the strength of the distorted 
frame, and although flexibility in the direction of the line is 
usually a desirable feature of this type of structure, it is very 
important to design the so-called flexible steel towers so that 
they will not be deflected unduly by such torsional loads as they 
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may be subjected to at times when strong winds are blowing 
across the line. 

166. Stiffness of Steel Towers. Deflection Under Load.— 
The deflection of the top of a transmission-line tower of the 
ordinary light ‘windmill’ type with wide square base, when 
bolted to rigid foundations and subjected to a horizontal load 
such as to stress the material to nearly the elastic limit, might be 
from 2to5in. With regard to the two-legged or “flexible” type 
of tower, if this is of uniform cross-section, it may be treated as a 
beam fixed at one end and free at the other end. If the resultant 
pull can be considered as a single concentrated load of P lb. ap- 
plied in a horizontal direction, at a point H inches above ground 
level, the deflection, in inches, will be, 


ie 
3MI 


where M is the elastic modulus for steel (about 29,000,000; being 
the ratio of the stress in pounds per square inch to the extension 
per unit length), and J is the moment of inertia of the horizontal 
section of the structure. 

167. Tower Foundations.—The upward pull of the tower legs, 
which was found in the above example to amount to 21,150 lb., 
has to be resisted by the foundation. A factor of safety of 214 
to 3 should be allowed. The weight of concrete may be taken 
at 140 Ib. per cubic foot, and of good earth at 100 lb., the volume 
of the earth to be lifted being calculated at the angle of repose, 
which may be about 30 or 33 degrees with the vertical, as in- 
dicated in Fig. 130. If the footing of a tower is in gravel, or a 
mixture of sand and loam tightly packed, there is actually a far 
greater resistance to the pulling up of the footings than that which 
is offered by the mere weight of the footings with prism of earth 
as calculated in the usual way. 

When concrete has to be used, it is generally cheaper to rein- 
force it with steel of an inverted T form, as this makes a lighter 
construction than a solid block of concrete, and an equally good * 
hold is obtained owing to the increased weight of the packed 
earth which has to be lifted. At the same time it must not be 
forgotten that the digging of a large hole 5 to 8 ft. deep is con- 
siderably more costly than the digging of a hole about 2 ft. 
square, and this extra cost in erection must be taken account of 
in designing the footings. In marshy or loose soil, or where the 
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right of way is liable to be flooded, special attention should be 
paid to the design of durable foundations. Concrete footings 
with or without piles, or rock-filled crib work may be necessary; 
it is a matter requiring sound judgment and, preferably, previous 
experience on the part of the engineer in charge of construction. 
Crumbling hillsides are best avoided; it is extremely difficult to 
guard against damage by land slides or even snow slides when 
towers are erected on the steep slopes of hills. 

The use of concrete adds considerably to the cost of founda- 
tions and it should be avoided if possible; on the other hand, it is 
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Bedding of large 
flat stones 
Fic. 130.—Foundation for steel tower anchor stub. 


not easy to design foundations to resist a given uplift without 
an exact knowledge of the soil conditions at the site of the tower. 
For the greatest economy of foundation, it is necessary that the 
designer obtain reliable information on this point. 

Assuming an average angle of slope of 30 degrees, as indicated 
in Fig. 130, and a weight of soil of 100 Ib. per cubic foot, the 
depth of foundation may be calculated as follows. 


Let h = depth of footing below ground level, in feet. 
r = equivalent radius of footing area, in feet. 
R = radius at ground level of conical section of earth 
to be lifted. (Feet.) 
6 = angle of natural slope of earth. 


The volume of frustrum of cone to be lifted is, 


V= 3 hr? + R? + rR) (161) 
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or, if r + A tan 6 be put in the place of R, 


Vee : h(3r? +*h? tan? @ + 3rh tan 6) (162) 


If 6 = 30 degrees, tan @ = 0.5774 and (approximately), 


V =rh(r? + 0.11A? + 0.58rh) (163) 


If r = 1 ft., and h = 7 ft.; the volume of earth to be lifted, by 
formula (163) is then, 


V = 230, which gives, 
W = 23,000 lb. 


As previously mentioned, if the soil is firm, this method of calcu- 
lation usually gives results well below actual values of pull re- 
quired to uplift the footing. Under the conditions upon which 
this example has been based, it is probable that the footing would 
not move with a pull appreciably smaller than 30,000 lb.; there 
would then be a packing of the soil immediately above the footing, 
and a final pull of about 40,000 Ib. might be necessary to uproot 
the stub and footing. 

If the footings are imbedded in concrete, and separate ground- 
ing rods are not provided, it is well to let the iron-work project 
through the bottom of the concrete block, to ensure that the 
tower is properly grounded. 

When concrete is not used, the design of the anchors is a matter 
that should receive very careful consideration. If towers are to 
be subjected to load tests, these tests should, if possible, be 
conducted on a tower set on its own anchors, as used in the field, 
because the strength is to an appreciable extent dependent 
upon the method of attachment of the tower’s legs to the anchor 
stubs. One manufacturer of transmission-line towers! claims 
that the old style anchor, with the bottom diagonal of the tower 
attached to the anchor stub above ground, does not afford proper 
resistance to the horizontal force at the ground level and some- 
times leads to failure of the tower legs in the bottom panel. 
This manufacturing company uses a design of anchor in which 
the joint between the tower leg and the bottom diagonal is below 
the ground surface. 

Another point of importance is the surface of the footing in 
contact with the earth immediately above it. The weight of the 
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cone of earth to be lifted may be ample to provide the desired 
factor of safety; but movement of the tower foundations may 
occur through the packing of the earth due to excessive unit 
pressure over the upper surface of the footing, and this movement 
may be appreciable notwithstanding that there may be no dis- 
turbance of the ground surface. A surface of not less than 
1 sq. ft. for every 10,000 lb. of the vertical force which will pull 
out the anchors should be provided, unless the nature of the soil 
is such as to justify a reduction of this allowance. 

168. Concluding Remarks Regarding Steel Tower Design.— 
Generally speaking, there is a tendency to economize in the cost 
of steel towers by using sections of structural steel in which 
stiffness is obtained by making the thickness of metal small in 
proportion to the other dimensions of the cross-section. It is 
true that light weight of parts and of the complete tower are 
important if the advantage of lightness can be obtained without 
sacrifice of other advantages, the chief of which is durability. 
When a transmission line is not intended to last longer than 15 
or 20 years, these light sections are permissible; but for the more 
important and costly lines, it is well to avoid the use of metal 
thinner than 14 in. for the main members, or than 34¢ in. for 
the secondary or bracing members. In the writer’s opinion 
it is not wise to use 4” by 4” angles for the corner legs less than 
546 in. thick, although a thickness of 14 in. is not uncommon 
in towers actually in use at the present day. The ultimate life 
of such towers is, however, as yet unknown. ‘Towers made of 
few pieces of comparatively heavy section steel will probably 
prove more durable than those built of a larger number of lighter 
parts. 

If the temptation to use very light sections of structural steel 
is avoided, and if towers are regularly inspected and painted when 
and where necessary, their life should be 50 years or more. 
Galvanized towers are usually not painted; but it is not safe to 
rely upon the thin coating of zinc to prevent corrosion for more 
than a few years at or near the ground level. A casing of con- 
crete extending about 12 in. above ground level will afford 
protection; or the parts that are buried may be painted instead 
of being galvanized, and if the anchor stubs are made in two 
lengths, the upper length can at any time be replaced without 
interrupting the service. 

When considering designs of towers for along transmission line, 
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it is well to avoid if possible a number of different types, and where 
the height does not require to be increased, it may sometimes be 
found more economical to use two standard towers close together 
for supporting special long spans, or for turning sharp corners, 
than to design special towers for the purpose. An angle not ex- 
ceeding 7 degrees can usually be turned on a standard tower. 
This angle may even be as great as 10 degrees, especially if the 
length of the approach spans is decreased. In fact by reducing 
the length of approach spans, very much sharper angles canbe 
turned; but it then becomes a question whether or not a special 
structure might not be the cheaper alternative. 

There is an unexplained prejudice against the guying of steel 
towers where extra strength to resist lateral loads is required. By 
giving proper attention to the method of guying, and inspecting 
the line at regular intervals, there is no apparent reason why this 
fairly obvious device to save the extra cost of special structures 
should not prove entirely satisfactory. It is true that, with the 
so-called rigid design of tower, a very small deflection at the point 
of attachment of the guy wire may be sufficient to produce 
permanent deformation of the structure, and there is a possibility 
that the tower may collapse under excessive load before the guy 
wires have taken up their proper share of the abnormal stresses. 
This is especially likely to occur if the towers are set on concrete 
foundations. On the other hand it is not impossible to design 
towers of the square base type with foundations purposely 
arranged to yield shghtly; and if these structures are provided 
with guys (say of plow steel cables) fixed very securely to practi- 
cally unyielding concrete anchorages, it is probable that econo- 
mies might, in many instances, be effected. Guying of corner 
poles or of occasional poles on a straight run, when the more 
flexible type of ‘“‘A’’-frame structure is used, is generally to be 
recommended. 

A brief specification for a complete transmission line using 
steel towers is given in Appendix III. This line is generally simi- 
lar to the one for which an estimate of cost was given in * 
Chapter III. 

169. Determining Position of Supports on Uneven Ground.— 
The lowest point of the span is not necessarily the point at which 
the wires come closest to the ground. When there is doubt as 
to the proper location of the supports in rough country, the 
method illustrated in Fig. 131, and described by Mr. J. S. Viehe 
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in the Electrical World of June 15, 1911, will be found very con- 
venient. The curve a is the parabola corresponding to the re- 
quired tension in the particular wire to be used. The ratio of the 
scale of feet for vertical measurements to the scale for horizontal 
measurements should be about 10 to 1. The dotted curves } 
and ¢ are exactly similar to a, but the vertical distance ab repre- 
sents the minimum allowable clearance between conductor and 
ground, while the vertical distance ac is the height above ground 
level of the point of attachment of the lowest wires to the stand- 
ard transmission pole or tower. These curves should be drawn 
on transparent paper: they can then be moved about over a 


Fic. 131.—Method of locating position of towers in rough country. 


profile of the ground to be spanned, drawn to the same scale as 
the curves, until the best location for the supports is found. The 
point P where the curve b touches the ground line is seen to be 
far removed from the lowest point of the parabola, in the example 
illustrated in Fig. 131. A little practice will make the finding 
of the points A and B an easy matter, even if the length of span, 
or distance between A and B, must be kept between close limits. 

This method is particularly applicable to long-span lines 
carried over rough country. 

170. Study of Deflections and Stresses in Flexible Tower 
Lines.—Consider a series of poles as in Fig. 132, the end one being 
rigid while all the others are flexible and of equal height and stiff- 
ness. It is assumed that all spans were originally of equal 
length J, and that there were b wires in each span, strung to a 
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tension of S pounds per square inch and having a corresponding 
sag s. In span No. 1, terminating at the rigid support, some of 
the wires have been severed, leaving only a wires in this span. 
It is assumed also that there is no slipping of the wires in the ties 
on the pin type insulators, and no yielding of pole foundations. 

The elastic deflection of a pole or tower considered as a beam 
fixed at one end and loaded at the other is 


Biss 
3M1 


where P is the load, H the height, M the elastic modulus, and J 
the moment of inertia of the cross-section. 

In the special case considered, the value of P, which produces 
the deflection 6, of the first flexible pole, is 


ae 
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Span No.1 
Tension S, 


Span No.2 


Tension S, 


Span No.3 
Tension S 3 


Fic. 132.—Flexible pole line. 


where A is the cross-section of one conductor and S; and Sz are 
the stresses in the conductors of spans No. 1 and No. 2 respect- 
ively. It is assumed that all the wires are attached to the pole 
tops at a point H in. above ground level. 

3 


: baleaay 5 | : : : 
By putting kK = 3MT’ the successive deflections may be written: 


eek AS aS) (164) 
do = KAD(S3 — Se) (165) 
and the sum of the deflection of a series of flexible poles of the’ 
same height and stiffness is 
A = KA(bS, — aS) (166) 


where n is the number of the last span. It is usually safe to as- 
sume that S, is equal to the initial tension S in the fourth or fifth 
span from the break. 


TRANSMISSION-LINE SUPPORTS 351 


Fig. 133 shows the conductors in the first span with a sag s 
under normal conditions with b wires in the span, and a smaller 
sag s; after some of the wires have been cut, leaving only a wires 
in the span. For simplicity in calculating the movement of the 
point of attachment of the wires on the flexible pole, instead of 
considering the span as increasing in length from | to (J+ 4), 
the span / may be supposed to remain unaltered while the length 
of the conductor is reduced by pulling it through the tie of the 
insulator (G) on the flexible pole until the sag is reduced from s 
to s;. The length of wire pulled through in this manner may, 
for all practical purposes, be considered equal to the actual pole- 
top deflection, 6. This assumption is justifiable since the de- 
flection 6 is always small relatively to the span J. 

The length of the (parabolic) are with sag s is 


Fic. 133.—Elongation of wire in span due to deflection of pole top. 


and with sag s; 


= 831 
I= I+ 3] 
The difference is 
oY eae 
Rare Mes 31 


to which must be added the elongation due to the stretch of 
the wire under increased tension; this is 


Ai (Si — 8) 
M 
or, with quite sufficient closeness, 
Usi— Ss) 


M 
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Hence the deflection of the first flexible pole expressed in terms 
of the sag and tension of the conductors in the first span is: 


bss 8 (s? a $1”) lS; = S) 
So eg] ae eT 


Returning again to the arrangement of line depicted in Fig. 132, 
we shall consider (1) the total pull of all the wires in span No. 2 
and the effect of this pull on the first flexible pole if all the wires 
are broken in span No. 1, and (2) the effect on the first flexible 
pole and the stresses in the remaining wires in No. 1 span on the 
assumption that all the wires in this span are not broken. 

When the particulars of the poles are known, so that the factor 
K in the formulas for deflection can be determined, it is desired to 
calculate the stresses in poles and wires corresponding to the new 
conditions of equilibrium; or, if the poles have yet to be designed, 
the factor K must be determined, in order that the stiffness of the 
poles shall satisfy certain necessary or assumed conditions, such 
as the maximum deflection of pole top which will not stress the 
remaining wires in span No. 1 beyond the elastic limit of the 
conductor material. (A factor-of safety must be used to allow of 
momentary increased stresses due to probable mechanical 
surges.) . 

171. Numerical Example: Transmission Line with Flexible 
Supports.—No attempt will be made to obtain an exact mathe- 
matical solution of these problems, but close approximations can 
be obtained with sufficient accuracy for practical purposes, espe- 
cially when it is considered that many possible influencing factors, 
such as the yielding of foundations and the slipping of wires in the 
ties, cannot be taken into account even in the most complete 
mathematical treatment of the subject. 

It is assumed that the poles are equidistant and in a straight 
line, and that the first support is rigid, all as indicated in Fig. 
132. Four separate limiting conditions will be considered: 

(A) All wires are severed in the first span, and the pole between 
spans 2 and 3 is considered to be rigid. : 

(B) All wires are severed in the first span, but the pole between 
spans 2 and 8, and all subsequent poles, are considered to offer 
no resistance to deflection in the direction of the line. 

(C) There are a wires remaining in span No. 1, and b wires in 
all other spans, The pole between spans 2 and 3 is considered to 
be rigid. 


by 


(167) 
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(D) There are a wires in the first span, but the pole between 
spans 2 and 3, and all subsequent poles, are considered to be 
infinitely flexible. 

The transmission line will be supposed to have the following 
characteristics: 

Six No. 2-0 aluminum conductors. 

Cross-section of conductor, A = 0.1046 sq. in. 

Length of span, / = 400 ft. 

Normal sag = 9.76 ft., which corresponds to 

Stress S = 2400 lb. per square inch. 

It is assumed that there is no grounded guard wire above the 
conductors, and that the average height of the point of attach- 
ment of the wires above ground level is H = 45 ft. 

The modulus of elasticity of aluminum cables for the purpose 
of these calculations is assumed to be M = 7,500,000. The flexi- 
ble towers are in the form of braced ‘‘A’’-frames, each vertical limb 
consisting of one 7-in. steel channel of light section (934 lb. per 
foot). The moment of inertia of the section of such a channel is 


21.1, and since there are two channels, the value of J is 21.1 & 2 
42.2 


= 42.2 and the section modulus Z= 35 ==e(sa0) tae he 
elastic modulus for steel is M = 29 * 10°. The factor K for use 
in pole deflection formulas as previously given is therefore 


ws Sc 12) 
3 X 29 X 10° x 42.2 


The maximum deflection of this particular structure before 
permanent deformation would take place will occur when the 
difference of pull due to the wires is such as to stress the metal 
to (say) 30,000 Ib. per square inch. The resisting moment is 
S < Z = 30,000 X 12 and the resultant pull at the pole top will 
be 


K= = 6.0428 


30,000 X 12 


45. 12 = 667 lb. 


The maximum allowable deflection is therefore, 


b= 16 667 
0.0428 x 667 
= 28.5 inches. 


Case (A). All wires broken in span No. 1; second pole beyond 


break considered rigid. 
23 
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Since all the wires are severed in span No. 1 (a = 0) it is not 
possible to make use of formula (167), but a similar formula can 
be used which expresses the deflection in terms of the constants 
for span No. 2. This formula is 


l 
O41 -% (se? a s?) si (S ea S2) M (168) 


By calculating 6, for various arbitrary values of S2 smaller than 
S, curve No. 1 of Fig. 134 can readily be drawn. ‘This gives the 
relation between the stress S, in the wires of the second span and 
the pole-top deflection 6; on the assumption that the second 
pole beyond the break is rigid. On the same diagram draw the 
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Fic. 134.—Graphic solution of Problems (A) and (B). 


straight line marked curve No. 2, which gives the relation between 
pole deflection and the stress Se, as given by formula (164) when 
the tension S; in wires of the first span is equal to zero. The 
point of crossing of curves No. 1 and No. 2 evidently indicates 
the deflection corresponding to the condition of equilibrium. * 
This deflection is 6, = 29.5 in. and stress Sz = 1100. 

It will be noted that in this particular example the deflection 
is about the same as the maximum permissible deflection (28.5) 
previously calculated; but even if allowance be made for shocks 
and mechanical surges, it is probable that the pole would not 
suffer serious injury, because some of the wires would be liable to 
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slip in the ties and sorelieve the tension. If wind pressures acting 
on snow or ice deposits are added to the stresses due to weight of 
conductor material only, the strain will be greater, but on the 
other hand, much sleet deposit is liable to be shaken off the wires 
in the event of a sudden severing of all the wires in the first 
span. 

The above results are, however, based on the assumption that 
the second pole beyond the break is rigid, which may not be in 
accordance with practical conditions. 

Case (B). Conditions as above; but the second and subse- 
quent poles beyond the break are supposed to be infinitely flexible 
(K = o), 

In this case the tension S, will not depend upon the deflection 
of the first flexible pole; it will be equal to the original tension S 
= 2400 for all values of the deflection 6;. The deflection ob- 
tained when S. = 2400 is of course readily calculated by means 
of formula (164), or it can be read off Fig. 134, since it is the 
deflection indicated at the point where curve No. 2 meets the 
vertical ordinate for S. = 2400. This value of 6; is 64.5 in., 
which would lead to permanent deformation of the flexible 
structure. The actual deflection of the first pole in a series of 
flexible poles of equal stiffness would le somewhere between 
these limiting values of 29.5 in. and 64.5 in. if the law of elasticity 
may be considered to apply in the case of the higher deflections. 
As a general rule the breaking of all wires in one span will lead 
to the wrecking or permanent deflection or uprooting of the 
first pole, which cannot be at the same time flexible enough 
greatly to reduce the combined pull of all wires in span No. 2, 
and yet strong enough to resist the ultimate combined pull of 
these wires. There would be an exception in the case of short 
spans with tall flexible poles; and in any case it is probable that 
only the first pole would be damaged or moved in its foundations. 

It is rare that all the wires in one span are broken simulta- 
neously unless the design of the line is such that the severing of 
one or more wires leads necessarily to the rupture of the remaining 
wires owing to the excessive stresses imposed on them. The cal- 
culation of stresses and deflections when a certain number of 
wires remain in the faulty span is more difficult than in the cases 
already considered, but the solution is of greater practical value. 

Case (C). There are a wires in the faulty span and b wires in 
the sound spans. The second pole beyond break is considered 
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rigid. (For the purpose of working out numerical examples 
it will be assumed that only one wire remains in faulty span; 
thus @ = 1 and b:='6:) 

Instead of only two equations, there are now three equations 
to be satisfied simultaneously; these are: 

(a) Formula (164): 


61 = KA(bS2 = as) 
= 0.0269S. — 0.004488, 


(b) Formula (167), giving deflection in terms of elongation of 
remaining wires in span No. 1: 


1 Si — 2400 


<2 a, a sr 
(95.3 81") 18,750 


oor 56 


(c) Formula (168), giving deflection in terms of the shortening 
of the wires in span No. 2. (This relation is given by curve No. 1 
already plotted in Fig. 134.) 

‘It should be mentioned in connection with formulas (167) 
and (168) that, by assuming a constant length of span, the sag 
s is always inversely proportional to the stress S. The assump- 
tion of a constant length of span for the purpose of simplifying 
the relation between sag and tension introduces no appreciable 
error in practical calculations. In the particular example from 


which the curves are plotted, and the numerical results obtained, 
23,420, 
S 


the relation is s = 


Proceed, now, to plot curve No. 3 in Fig. 135 from formula 
(167) by assuming various arbitrary values of S; from the lowest 
possible limit of S; = S = 2400 up to the elastic limit of about 
13,000. For a reason to be made clear hereafter this curve should 
be drawn on transparent paper; the horizontal scale used for the 
values of S; may be arbitrarily chosen, but the scale of ordinates 
giving the deflections 6; must be exactly the same as used for 
Fig. 134. On the same diagram (Fig. 135) draw also the straight 
line marked curve No. 4, giving the relation between S, and the * 
quantity KAaS;. This latter quantity when subtracted from 
the quantity KAbS.2 will give the pole deflection to fulfil the 
condition of formula (164). The reason for drawing the curves of 
Fig. 4 on transparent paper will now be clear. 

The transparent paper with the curves of Fig. 135 is placed 
over Fig. 134, with the horizontal datum lines of zero deflection 
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coinciding as shown in Fig. 136. The point of intersection of 
curves No. 1 and No. 3 will give the corresponding values of the 
stresses S; and S.! but with a pole having definite elastic prop- 
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Fie. 135.~—Curves to be drawn on tracing paper for solution of Problems (C) and 
(D). 


Lower Sheet with Curves Nos.land 2 


Transparent Paper with Curves Nos,3 and 4 
Fic. 136.—Graphic solution of Problems (C) and (D). 


1 There is a definite value of S; for any given value of S»2 independent of 
all considerations of pole stiffness and size of wire and number of wires in 
adjoining spans. This is the relation which will satisfy formulas (167) and 
(168) simultaneously; it is expressed by the equation 


l 
5 (2s? a $17 = $22) = M (2S o> S, = S82) 
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erties there is only one value of the deflection which will satisfy 
the three conditions previously referred to. The deflection as a 
function of the pole stiffness is the distance HF (Fig. 136), 
being the difference between the corresponding ordinates of 
curves No. 2 and No. 4. By moving the tracing paper with the 
curves No. 3 and No. 4 over the other curves until the distances 
HG and FE on the same vertical ordinate are equal, the deflection 
corresponding to the condition of equilibrium is readily obtained. 
If preferred, the curve OPRE, representing the swum of the 
quantities of curves No. 3 and No. 4, may be drawn on the 
tracing paper instead of the curve 4, and when the point of 
intersection (/) of this new curve with curve No. 2 on the lower 
sheet lies on the same vertical ordinate as the junction (G) of 
the curves No. 1 and No. 3, the distance HG will be the required 
deflection. 
The solution of the numerical example worked out in this 

manner is 

6, = 10.2 in. 

S, = 7400 lb. per square inch. 

S. = 1500 lb. per square inch. 


Case (D). Same conditions, with the exception that the 
second pole beyond the break, instead of being rigid, is assumed 
to be infinitely flexible. This assumption is made also in the 
case of all subsequent poles. This means that S, = S = 2400 
whatever may be the amount of deflection of the first flexible 
pole, and the problem can be solved graphically as indicated 
above, the only difference being that curve No. 1 giving the 
relation between 6; and S. when the second pole beyond the 
break is rigid must be replaced by the vertical line SW (Fig. 136), 
being the ordinate corresponding to a tension S; = 2400. 

The numerical solution in this case is: 


04 = 1) in. 
S, = 11,450 lb. per sq. in. 


It is interesting to note that there is little difference between the 
deflections for the two extreme cases (C) and (D); the average 
value for 6; is 11.7 in., corresponding to a stress S; = 9400 in the 
remaining wire of the faulty span. This is well below the elastic 
limit, and it is probable that this wire would not break even if the 
five other wires were severed. ‘The figures chosen for illustrating 


TRANSMISSION-LINE SUPPORTS 359 


the calculations relate to a practical transmission line, and it will 
be seen that the stresses and deflections corresponding to the 
state of equilibrium after the severing of one or more wires in one 
span can, with the help of simple diagrams, be predetermined 
within reasonably narrow limits. 

172. Erection of Steel Tower Transmission Lines.—This book 
is not intended to give practical advice to construction engineers 
or the men actually engaged in the work of erecting poles or towers 
and stringing wires. A competent construction engineer with 
experience in handling men and materials in the field, should be 
given a free hand in planning and executing the work of erecting 
a power transmission line; and such a man will not derive much 
assistance from books. On the other hand, there are some excel- 
lent books available dealing with the more practical side of trans- 
mission line engineering. These include the various electrical 
engineering handbooks. The reader desiring information on the 
methods ordinarily adopted in carrying out the details of con- 
struction, is referred to these other sources of information; also 
to the papers and articles which appear from time to time in the 
Journals of the engineering societies and in the technical press. 
Appendices II and III which follow this Chapter also contain 
items of some practical interest connected with the setting out 
and erection of wood pole and steel tower lines. 

The principal reason for referring to these matters in this 
place is to emphasize the importance of devoting much time and 
thought to the various details of overhead line construction 
before the work zs actually started. The proper setting out of the 
line is among the most important matters connected with over- 
head construction. If a line is not carefully surveyed and 
planned in every detail, it will often be impossible to get good 
and reliable service from it. This doesnot mean that the commer- 
cial aspect of the undertaking is not of prime importance; on the 
contrary, it is the only aspect from which an engineering under- 
taking of the kind under consideration should be viewed. But 
this is not equivalent to saying that a small first cost is always 
desirable, or that even a short low-voltage transmission line can 
be constructed and operated economically by persons without 
engineering skill and experience. It is an easy matter to find 
examples of lines that have cost too much; but it is not impossible 
to find the transmission line that has cost too little—in the first 
instance. 
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Generally speaking, the writer believes that not enough atten- 
tion is paid to preliminary investigations and estimates of power 
transmission lines. The construction of comparatively short 
lines for moderate voltages appears to be, and indeed is, a fairly 
simple piece of work; yet—in respect to economy and service— 
such lines may be a source of endless trouble if they have been 
planned and constructed without regard to the fundamental 
principles of engineering. 


APPENDIX I 


INDUCTANCE OF TRANSMISSION LINES WITH ANY 
ARRANGEMENT OF PARALLEL CONDUCTORS! 


The manner in which the inductance and the induced e.m.f. 
can be calculated when the conductors of a three-phase system 
occupy the vertices of an equilateral triangle, was explained 
in Chapter II; and it was also stated that a departure from the 
symmetrical arrangement of conductors does not modify the 
calculated results to a great extent. It will be interesting to 
study the problem in its broader aspect, with a view to ascer- 
taining what is the nature and magnitude of the modifying fac- 
tors. It is proposed to indicate a simple method of calculating 
the total induced e.m.f. in any conductor of an electric-energy 
transmission system, whatever may be the actual arrangement 
or relative positions of the conductors. It is assumed in all 
cases that the conductors are of circular section and that they 
remain parallel with each other throughout the whole distance 
of transmission. 

Calculation of Total Resultant Flux Surrounding One Con- 
ductor When There Are Several Return Conductors.—In Fig. 1 
the total outgoing current J is supposed to flow along one con- 
ductor, while the total return current is divided between a number 
of conductors, the condition being that 


I= —-(i4+1,4+ 73 ae ia @atace) A +T1,) 


Let di, do, d3, etc., represent the distances between centers of 
the corresponding conductors carrying the return currents and 
the conductor carrying the outgoing current, and note that the 
total flux surrounding the latter conductor may be considered 
as the algebraic sum of several separate fluxes, namely, the flux 
due to a current J, returning at a distance d;; the flux due to a 
current J, returning at a distance d2, and so on, for any number of 
components of the total current J. All these separate compo- 
nents of the total flux can readily be calculated by means of 
formula (25) of Article 43, Chapter IV, and the expression for the 
total flux surrounding a conductor in which the current I returns 


1 This Appendix is a reprint, with slight changes and omissions, of articles 
which were first published in the Electrical World of May 23, 1908 and Sept, 
15, 1910. 
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along a number of separate conductors, as indicated in Fig. 1, 
becomes: 
al dy 


qd Ss al I, log. ~~ 


where 7 stands for the radius of cross-section of the conductor 
carrying what will be thought of as the outgoing current I. 

In the case of energy transmission by polyphase currents, with 
any number of conductors, the algebraic sum of the currents in 
the conductors must, at any given instant, be equal to zero. 
Any one conductor may be looked upon as carrying the outgoing 
current, while the remaining conductors together carry the return 
current. Formula (1) can, therefore, be used for calculating 
the effective flux of induction surrounding any one conductor in 

a polyphase transmission, whatever 


— In log. 2... SP ealies on (1) 


di @! may be the arrangement of the con- 
I “—@ ig ductors. The phase relations of the 
3 


I various component fluxes must, how- 
re a ee ee ne ever, be taken into account, and for 
four parallel conductors. this reason the graphical addition of 

vector quantities with the help of a 
diagram will be found most convenient. Instead of drawing the 
vectors representing magnetic flux components—in phase with 
the current vectors—the component vectors of the resulting 
e.m.f. of self-induction may be drawn—in this case 90 time-de- 
grees behind the corresponding current vectors. 

Calculation of E.M.F. of Self- and Mutual Induction.—In 
order to calculate the induced e.m.f. it will be advisable first to 
put equation (1) in a more practical form. The symbols J,, Io, 
etc., in equation (1), when the latter is to be used for calculating 
the maximum value of the induction due to an alternating cur- 
rent, must be considered as representing the maximum value of 
the current wave; but it will be more convenient to assume 
sinusoidal currents, and then let these symbols stand for the 
virtual (or r.m.s.) value of the currents. 

The procedure is now as indicated in Article 45 of Chapter IV, 
leading up to formula (28) which may be written: 


Reactive volts per mile 

of single conductor | 
where a = 0.00466f 

and b = 0,000506f 


= al logio : + b1 (2) 


INDUCTANCE OF TRANSMISSION LINES 363 


The item b/ is the reactive voltage component due to the flux 
set up inside the material of the conductor by the current J. 
The flux producing this increased reactive e.m.f. is not included 
in the flux as calculated by formula (1). It may generally be 
neglected in calculations of high voltage overhead transmission 
lines. 

The final expression for the reactive voltage drop per mile of 
conductor when there are several parallel return conductors is: 


H=a[- flog —Ilog?....-Ilog®]+0r @) 
Numerical Example. Three-phase Transmission.—Consider 
the special case, which not infrequently arises in practice, of the 
conductors of a three-phase transmission being arranged as indi- 
cated in Fig. 2—that is, with the centers of the three conductors 
lying in the same plane, the minimum distance, d, between any 
two of the wires being approximately equal to the side of the 
equilateral triangle which would have 
1 - s been adopted had the triangular ar- 
bg —- 9 —--d—- as 2r rangement been decided upon. 
PEE ee a ed iatore ia Ina three-phase transmission system 
one plane. the current flowing out through any 
one wire may, as previously mentioned, 
be considered as returning along the two remaining wires, and when 
the three conductors occupy the vertices of an equilateral triangle 
the whole of the return current is at a distance d from the out- 
going current. This condition also applies to the middle con- 
ductor (No. 2) in the arrangement shown in Fig. 2; but it does not 
apply to either of the outside conductors, Nos. 1 and 3. In the 
case of conductor No. 1 a part of the outgoing current returns 
along conductor No. 2 at a distance d, while the remainder 
returns along conductor No. 3 at a distance 2d; so that the total 
flux of induction surrounding conductor No. 1 must necessarily 
be greater than that surrounding conductor No. 2. The same 
argument applies to conductor No. 3. 
Applying formula (3) to the arrangement of conductors, as 
shown in Fig. 2, the quantity between brackets in the case of 
conductor No. 1 becomes: 


— I, log g - Islog = 


= — ([,+ Is) log” — I; log 2 
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= Iky log © — T; log 2 


The total induced e.m.f. per mile of conductor No. 1 will therefore 
be: 


BE, =ax[I log“ — Is log 2| + bf; (4) 
Similarly, for conductor No. 3: 
Hera |Z: log“ — I, log 2] Lea (5) 


while the volts induced in the middle conductor (No. 2) will be 
simply: 


Hy = a X Te log® + bl, (6) 


It is interesting to note that what may be referred to as the 
disturbing element in the case of the two outside wires (the 
quantities J; log 2 and J; log 2 respectively) is not dependent 
upon the actual diameter or distance apart of the conductors. 
It consists of an e.m.f. component either 30 time-degrees or 150 
time-degrees behind the phase of the line current, depending 
upon the order of the phase rotation; and the magnitude of this 
e.m.f. component relatively to the total e.m.f. of self-induction 


will depend upon the value of the ratio - If d is large and 


r relatively small, as in the case of a high-pressure overhead 
transmission system, then the first quantity between brackets, 
in equations (4) and (5), is relatively large, and the disturbing 
element (J; log 2 or J; log 2) is usually negligible. On the other 
hand, if the conductors consist of three separate single cables, 
laid side by side in a trench, with the distance, d, between them 
small in comparison with the diameter, 27, of the cables, then the 
“disturbing element’’ becomes of greater importance relatively 
to the total induced e.m.f. 

In order to form some idea of the magnitude of this out-of- 
balance component of the induction, it will be well to work out 
two numerical examples, one for a high-tension overhead scheme 
and the other for a low-tension transmission system with the 
three conductors in comparatively close proximity. 

Example 1.—Assumed data: Three-phase power transmitted 
= 20,000 kw.; e.m.f. = 110,000 volts; power-factor = 0.8; fre- 
quency f = 25 cycles per second; length of line = 200 miles. 
Conductors of aluminum; diameter, 2r = 0.6 in. Minimum dis- 


INDUCTANCE OF TRANSMISSION LINES 365 


tance between wires, d = 10 ft. = 120in. On the above data 
the current per conductor is about 130 amp. With the aid of 
formulas (4), (5) and (6) it is an easy matter to determine the 


induced e.m.fs. in the several conductors, and since the quantity, 


d 120 : 
log a log eG 2.6021, while log 2 = 0.3010, it will at once be 


seen that the ‘disturbing element” is relatively small. 

The e.m.fs. induced in each conductor 200 miles long, in round 
figures (neglecting the component b/ due to the internal flux) 
are as follows: 

In the middle conductor (No. 2), 800 volts, the time-phase 
of which is exactly one-quarter cycle behind the time-phase of 
the current I». 

In conductor No. 1, an e.m.f. component of 800 volts, exactly 
a quarter cycle behind the current J; less another component 
(referred to as the disturbing element) equal to about 90 volts, 
the phase of which is exactly one-quarter cycle behind the 
current J3. The resultant is the difference between two vector 
quantities separated by a time-phase angle of 120 deg., so that 
this resultant is actually greater than either of the two compo- 
nents, as will be shown hereafter. 

In conductor No. 3 there will be an e.m.f. component of 800 
volts, one-quarter cycle behind the current /3, and a component 
of 90 volts, one-quarter cycle behind J;. 

Example 2.—Assumed data: Three-phase power transmitted 
= 20 kw.; e.m.f. = 110 volts; power-factor = 0.8; frequency f 
= 60 cycles per second; current per wire = 130 amp.; distance of 
transmission = 14 mile; three single cables in trench, lying in 
the same plane with a distance between centers d = 3 in.; 
diameter over copper = 27 = 0.5 in. 


In this example the quantity. log“ 
Tape On 
= 1.0792 
: _ . 0.3010 
The ratio between log 2 and this number is 1.0792 — 0.28. “That 


5 


is to say, the component of the total induced e.m.f., which appears 
only in the two outside conductors, as indicated by formulas 
(4) and (5) is, in this example, numerically greater than a quarter 
of the more important component; while in the previous example 
of a high-tension overhead transmission system the ratio was 
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0.3010 
2.6021 
distance between the wires. 

Vector Diagram Illustrating Example 2.—The vectors 11, I 
and I; in Fig. 3 represent the currents in the three conductois, 
the time-phase angle between them being 120 deg. The rotation 
of the phases is assumed to be in the order 1, Io, 3; in other 
words, J» lags behind J; by one-third of a cycle, and J; lags behind 
I, also by one-third of a cycle. The lengths of these vectors are 
such as to represent the line current of 130 amp.; but, as the 
diagram has been drawn to illustrate the phase angles and magni- 
tudes of the various components of the induced e.m.fs., the magni- 
tude of the current vectors need not be considered. If the numer- 
ical values of the induced volts 
are determined with the aid of 
formulas (4), (5) and (6), it will 
be found that the component 
common to all three conductors 
amounts to 21.6 volts, while the 
‘disturbing element’’—that is, 
the component appearing in the 
two outer conductors only— 
amounts to 5.5 volts. d 

The vectors OB, OV, and OD 
must, therefore, be drawn of 

Tic. 3.—Vector diagram. Three such a length as to represent 
conductors in same plane. 21.6 volts in a direction exactly 
90 time-degrees behind the cor- 
responding current vectors; and, so far as the middle conductor 
is concerned, the vector OV, will represent the whole of the in- 
duced e.m.f.; but in the case of conductor No. 1 (carrying current 
I,), OA must be drawn exactly 90 time-degrees in advance of OL; 
—that is, exactly opposite to OD, because of the negative sign 
in equation (4)—and of such a length as to represent 5.5 volts. 
By combining OA with OB in the usual way, OV, is obtained as , 
representing the total e.m.f. induced in conductor No. 1. Ina 
similar manner OV; is obtained for the total induced e.m.f. in 
conductor No. 3. It is interesting to note that OV, lags be- 
hind the current J; by a time interval greater than a quarter 
period, while the lag of the induced volts V3 behind the.current 
I; is less than a quarter period. 


= 0.115, being considerably smaller because of the greater 
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In the particular example under consideration the calculated 
value of V, or V3 is 24.8 volts; V_ being 21.6 volts. 

It is not difficult to understand why the magnitude and phase 
relations of the induced e.m.fs. in the various conductors of a 
polyphase transmission are not the same for an unsymmetrical 
arrangement of conductors as for an arrangement in which each 
conductor is similarly placed in relation to all the other conduc- 
tors. With an unsymmetrical arrangement, the unbalancing 
effect may be said to be due to the mutual induction between the 
loops formed by different pairs of wires; there may, in fact, be 
a transfer of energy between one loop and another just as in the 
case of the primary and second- 
ary windings of a transformer. 

Effect of Transposing the 
Conductors.—If each conductor 
of the arrangement referred to 
in the above example is made 
to occupy, in turn, the position 
midway between the remaining =o", 
two conductors for a distance 
equal to one-third of the total 
distance of transmission, it is 
obvious that the out-of-balance Js I, 
effect will be corrected. It will, Fic. 4.—Vector diagram illustrat- 
however. be of interest to as- ing effect of Una eDOoUne conductors 

’ lying in the same plane. 

certain what will be the numeri- 

cal value of the (equal) voltages induced in the three conductors 
if transposed in the manner suggested. It is not necessary to 
consider more than one of the conductors, and, in Fig. 4, OB repre- 
sents (as in Fig. 3) that portion of the e.m-.f. induced in conductor 
No. 1 which remains unaltered whether the conductor be midway 
between the other two, or be itself one of the outer conductors. 
The length of this vector will, therefore, be such as to represent 
21.6 volts. Now, when the arrangement of the conductors is in 
the order 1, 2,3 (as in Fig. 2), the “disturbing element”’ will be BG, 
drawn 90 degrees in advance of OF, exactly as OA (or BV;) in Fig. 
3; but the length of this vector, instead of being equivalent to 5.5 
volts, will be only one-third of this value, or 1.83 volts, because 
conductor No. 1 occupies this position over one-third of the 
total distance of transmission. When the arrangement of the 
conductors is 1, 3, 2, the ‘disturbing element” will be GV, 


I, 
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(Fig. 4), drawn 90 degrees in advance of OI. Clearly BGV, 
is an equilateral triangle, and the resultant of the induced e.m_f. 
in conductor No. 1 is OV,, drawn 90 time-degrees behind the 
current vector OJ; and equal in magnitude to the algebraic sum 
of OB = 21.6 volts and BV, = one-third of 5.5 volts. 

If, therefore, the wires of a transmission line are disposed in 
one plane, as indicated in Fig. 2, but transposed at intervals so 
that each wire shall occupy the middle position over a space 
equal to one-third of the distance of transmission, then the 
resultant induced e.m.f. per conductor will, so far as phase is 
concerned, lag behind the current by a quarter period, exactly 
as if the wires occupied the vertices of an equilateral triangle; 
but the amount of the induced volts will be somewhat greater 
than in the latter case, under otherwise similar conditions. 

The numerical value of the induced volts per conductor— 
that is, the length of the vector OV, in Fig. 4—can be calculated 
by the formula: 

B = a(I log + _ ) +01 (7) 
where I is the current in any one conductor, and the two quan- 
tities between brackets have merely to be added algebraically. 
If preferred the quantity between brackets may be written: 


TI log @ + 8/2) 


or I log (1.26 ae so that formula (7) appears in the form: 


E = 0.00466 fT log ES + 0.000506f/T (8) 
Inductance of Electric Transmission Lines as Affected by 
the Subdivision of the Circuits and the Arrangement of the 
Conductors.—There are reasons in favor of transmitting large 
amounts of electric power through two or more sets of wires, 
quite distinct from mechanical considerations or the increased 
security against a total shut-down in the event of accidents. 
The inductive drop of pressure may be reduced by substituting, © 
for a single set of transmission lines, two or more sets of suitably 
arranged lines of a correspondingly reduced cross-sectional 
area. Whether or not the subdivision of a transmission line 
into two or more parallel circuits would be justifiable in practice 
will depend upon economic and other considerations which it is 
not proposed to touch upon here, 
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Single-phase Systems.—In Fig. 5 the two conductors of a 
single-phase transmission are shown, with distance d between 
centers of wires. The current may be considered as going out 
through the conductor 1 and returning through conductor 2. 
The diameter of the wire is assumed to be 2r and the current I 
amp. 

The formula which gives the induced volts per mile of single 
conductor when the whole of the current may be considered as 
returning at a distance d from the center of the outgoing con- 
ductor is 


E = al log (9) 
where a has the value given above, and the item bJ has been 
omitted as it is not necessary to include it when considering 
differences of reactive e.m.fs., especially in the case of overhead 
systems where its magnitude is relatively 


3/12 


Ce tee 
small, and frequently negligible. This k—-—-d—-—» Yat 
formula alone is sufficient to indicate that i ae os ea Q-* 
an improvement in the matter of induc- a 


: : : BEA lia. 5.—Two parallel 
tive voltage drop is to be expected if, in- Sandoton 


stead of transmitting the total current I 

through one pair of conductors, there be provided two or three 
pairs of conductors spaced sufficiently far apart to prevent mutual 
inductive effects, each pair being of sufficient cross-section to carry 
one-half or one-third of the total current, as the case may be; be- 


: ha Re 
cause, although the quantity log. willincrease slightly on account 


of the reduction in the dimension 7, this increase will not be of 
nearly so much importance as the reduction of I. 

Numerical Example.—In order to illustrate the above point 
a few examples will be worked out based on the following as- 
sumed data: 

Total current, J = 100 amp. 

Diameter of single conductor to transmit the total current, 
27 = Oo un. 

Frequency, f = 60 cycles, from which a = 0.279. 

Distance between centers of wires (corresponding to a pres- 
sure of about 50,000 volts), d = 70 in. 

If the transmission line is divided into two equal sections, 
the current in each section will be 50 amp., and for equal total 
weight of copper (leading to the same ohmic drop of pressure), 

24 


370 ELECTRIC POWER TRANSMISSION 


the radius of each conductor will be r + 1/2. Similarly, if there ~ 
are three equal sections, the current will be 33.33 amp., and the 
radius of the conductors r +./3. 
The induced volts as given by formula (9) work out as follows 
for the three conditions: 
Single pair of lines 
e = 68.34 volts (10) 


Two pair of lines of equal total cross-section, 

é = 36.25 (11) 
Three pair of lines of equal total cross-section, 

e = 25.00 (12) 


These figures show that the inductive drop of pressure on a 
single-phase transmission may be reduced by splitting up the 
current and transmitting along two or more pairs of lines spaced 
sufficiently far apart to prevent appreciable magnetic interfer- 
ence between the sets of lines; and the reduction of the inductive 
drop is very nearly in proportion to the number of subdivisions 
of the single line. ; 

Although electric transmission systems have been arranged 
with two distinct sets of conductors run upon separate pole 
lines spaced sufficiently far apart to avoid magnetic interfer- 
ence, such an arrangement is necessarily costly. Consider, 
therefore, two alternative arrangements, shown in Figs. 6 and 7, 
by which a single circuit can be split up into two parallel cir- 
cuits, the four wires being carried on the one set of poles with 
the spacing between the individual wires as small as possible— 
that is, such that in no case shall the distance d between out- 
going and return conductors be less than the minimum deter- 
mined by the voltage of the supply. 

In Fig. 6 is shown a symmetrical arrangement with the four 
conductors of equal cross-section occupying the corners of a 
square; the outgoing conductors are marked 1 and 3, and the 
return conductors, 2 and 4. Even if the two circuits 1-2 and 
3-4 are connected in parallel at both ends of the line, the sym- 
metry of the arrangement will insure that the total current 
will divide itself equally between the two sets of conductors. 
The effective or resultant magnetic flux surrounding any one 
conductor will, for the same reason, be equal to that which 
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surrounds any one of the remaining three conductors. It will, 
therefore, suffice to calculate the e.m.f. of self-induction gen- 
erated in any one conductor. 


: ; : , I 
Consider the conductor 1, in which there is the current 9° 


If the other outgoing conductor, 3, were situated anywhere on 
the dotted circle of radius d, passing through 2 and 4, then the 
magnetic effect of the current in 3—so far as conductor 1 is con- 
cerned—would counteract the effect of the return current in 
either 2 or 4. On the basis of the data previously assumed, the 
flux around 1 would generate an e.m.f. of 36.25 volts, as in equa- 
tion (11). If,on the other hand, conductor 3 were coincident with 
1, there would be the condition of the full current J in the conduc- 
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Figs. 6 and 7.—Alternative arrangements of conductors. Single-phase 
transmission. 


tor 1, the whole of which would be returning at a distance d, 
and the induced volts would be 68.34, as given in equation (10). 
With the conductor 3 situated at a distance +/2d from conduc- 
tor 1, as shown in Fig. 6, the resultant effective flux surrounding 
conductor 1 may be considered as the difference between the 
flux due to a current J up to a distance d less the flux due to a 
current [/2 up to a distance »~/2d; and this resultant flux would 
produce a back e.m.f. , Va 
d If 2d : 

E = al log ECE: ok Pesce a (13) 


On the data previously assumed, the e.m.f. is 
E = 72.5 — 38.39 = 34.11 volts. (14) 


Thus, by arranging the conductors of the divided circuit in the 
manner shown in Fig. 6, which permits of the four wires being 
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supported on the one set of poles, a better result is obtained in 
regard to inductive voltage drop than if the two circuits had 
been run entirely separately; the voltage drop in this latter 
case being 36.25, as in equation (11). 

If, on the other hand, the position of one pair of conductors 
be assumed to be reversed, as indicated in Fig. 7, then the 
magnetic flux in the loop formed by the outgoing and return 
conductors 2 and 3 has no effect on the conductors 1 and 4, 
and the effective flux surrounding any one conductor is clearly 


i j : : 
that due to a current 9 returning at a distance ~/2d: the in- 


duced volts per conductor will be 38.39, this being the value 
of the second term in formula (13). 
With an arrangement of conduc- 
tors, as in Fig. 7, it is obvious 
that the conditions are worse than 
if the two circuits are quite dis- 
tinct, because a portion of the flux 
produced by one pair of conduc- 
tors, such as 3 and 4, passes also 
through the loop 1-2, thereby in- 
creasing the inductive drop in these 
wires. 


Fic. 8.—Arrangement of con- Three-phase Systems.—The satis- 
ductors—t | -phase transmis- . : 
9 =... factory results obtamed am regard 


to inductive drop when a single- 
phase circuit is split up into two circuits arranged as indicated 
in Fig. 6, suggest that a somewhat similar arrangement might 
be adopted with advantage in the case of polyphase transmissions. 
An arrangement of wires suitable for three-phase transmission 
is shown in Fig. 8. Here the three-phase line is supposed to be 
split up into two parallel three-phase circuits, 1, 2, 3 and 1’, 2’, 
3’. The arrangement being symmetrical and all conductors 
being assumed to be of equal size, the same amount of current 
will be carried by each of the six conductors, provided the load is ~ 
a balanced one, such as is usual in the case of a three-wire, 
three-phase system. 
With the arrangement of wires as in Fig. 8 the minimum dis- 
tance d is maintained between all wires at different potentials, , 
and the current in conductors, such as 1 and 1’, placed at opposite 
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ends of a diameter, will be of the same time-phase and equal in 
magnitude. 

It will be interesting to work out a numerical example based on 
data already assumed in connection with the single-phase trans- 
mission, namely, a current of 100 amp. per phase and a mini- 
mum distance, d, of 70 in. between conductors at different poten- 
tials. The points to bear in mind are: 

(1) That owing to the symmetrical arrangement of the con- 
ductors, with the rotation of the phases always in the same direc- 
tion, the total effective magnetic flux around any one conductor is 
the same (except in regard to phase) as that which surrounds any 
one of the other five conductors. The calculations can therefore 
be made for any one conductor, such as No. 1. 

(2) That the current in any outgoing conductor, such as 1, may 
be considered as returning through the five remaining conductors, 
due attention being paid to phase relations. 

(3) That the resultant of the currents in conductors 2’ and 3’, 
or the resultant of the currents in conductors 2 and 8, is equivalent 
to a current equal to that in conductor 1, but of opposite phase. 
The total effective flux around conductor 1 may, therefore, be 
considered as the resultant of three component fluxes: 


I ‘ 
(a) A flux due to a current 5 returning (through 2’—3’) at a 


2 
: ui : 
distance d; plus (b) a flux due to a current 9 returning (through 
: I 
2-3) at a distance +/3d; less (c) a flux due to a current 9 te 


turning (through 1’) at a distance 2d. 

The numerical values for the induced volts are found to be: 
(a) = 36.25 [being the same as in equation (11)]; (b) = 39.47; 
(c) = 40.49; and (a) + (0) — (ce) = 35.23. 


If two separate three-phase lines spaced a considerable distance 
apart were substituted for the arrangement in Fig. 8, the induced 
volts per mile per conductor would be as given in equation (11), 
namely, 36.25, assuming the triangular arrangement of wires, with 
distance d between them. The arrangement shown in Fig. 8 is 
therefore slightly better from the point of view of inductive drop, 
notwithstanding that both sets of wires can be run on the same 
pole line with no greater spacing between wires than the minimum 
distance d determined by the voltage between phases. The fig- 
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ure 35.23 volts for the split three-phase system may be compared 
with 34.11 volts as given in equation (14) relating to the single- 
phase transmission with two circuits. It is clear that in either 
example, the drop in volts per conductor in the undivided circuit, 
with each conductor of sufficient section to carry the total current 
of 100 amp., would be 68.34, as given by equation (10). 


APPENDIX II 


SPECIFICATION FOR WOOD POLE TRANSMISSION LINE 


1. General Description of Transmission Line.—This transmis- 
sion line, which is 25 miles long, connects the water power gen- 
erating station at. .... in the mining districtof...... with 
the substation at the mines. The system will be three phase 
with a pressure of 22,000 volts between wires supported on 
wood poles. The conductors will be No. 2/0 stranded alumi- 
num. The average span will be 150 ft., and the separation 
between wires will be 3 ft., the three conductors being arranged 
in the form of an equilateral triangle with one conductor at the 
top and the remaining two conductors below, at the ends of a 
wooden cross-arm, all as shown on drawing No. ...... 

Where long spans are necessary, a double-pole arrangement, 
as shown on drawing No. ...... , will be adopted. Particulars 
relating to special precautions and methods of procedure in the 
case of exceptionally long spans, will be found in clause (8) under 
the heading ‘Spans.’ 

There will be no telephone wires supported on the transmission- 
line poles. 

There will be no grounded guard ‘wire above the conductors, 
but galvanized iron lightning rods, as shown on drawing No. ...., 
will be fitted to every third pole on the average. Further par- 
ticulars relating to protection against lightning are given in clause 
(7) under heading ‘Grounding.’ For particulars of sags and 
tensions, refer to clause (12) under heading “‘Stringing of Wires.” 

2. Clearing.—The width of the right-of-way shall be 100 ft., 
and all lumber, brush and other growth of every description 
must be cut and cleared so that, in no portion of the right-of- 
way, shall the tops of tree stumps, undergrowth or bush be 
higher than 18 inches above ground level. 

At all points where a space of 50 ft. on each side of the pole 
line is insufficient to prevent possible damage to wires by falling 
trees, the normal width of the clearing must be exceeded. 

All useful material shall be separated and suitably stacked at 
a safe distance from waste material piled for burning. 

375 
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All tops, limbs, brush and other waste shall be burned, great 
care being taken to prevent spread of fire beyond the limits of 
clearing. Suitable fire-fighting appliances shall be kept at hand 
while burning is proceeding. 

8. Poles.—Cedar poles shall be used when obtainable; but, 
owing to difficulties of transport, it is proposed to make use of the 
poles (mainly pine) obtained in the neighborhood of the trans- 
mission line while clearing the right-of-way. 

Dimensions.—The greater number of the poles required will 
be 35 ft. long: they shall be sawn square at both ends. These 
poles shall measure not less than 24 in. in circumference at the 
top under bark, and not less than 38 in. under bark 6 ft. from 
butt. The approximate number required will be 840. In 
addition to these, about 100 poles 45 ft. long will be required, 
and these shall measure not less than 24 in. in circumference at 
top and 42 in. 6 ft. from butt. 

Quality—All poles to be cut of best quality live green timber, 
well proportioned from butt to top and well seasoned; the bark 
to be peeled, and all knots and limbs closely trimmed. The 
poles shall be reasonably straight, and no poles having short 
crooks or a reverse curve will be accepted. The amount. of 
‘““sweep”’ measured between six-foot mark and top of pole shall 
not exceed 8 in. in the 35-ft. poles, or 11 in. in the 45-ft. poles. 

Twisted Poles—No poles having more than two complete 
twists in the total length, and no cracked poles will be accepted. 

Dead Poles.—No dead poles or poles having dead streaks 
covering more than one-quarter of their surface will be accepted. 

Butt Rot—This must not exceed 10 per cent. of the cross-sec- 
tion of the pole, and the diameters of poles with butt rot or hollow 
hearts must be substantially greater than the corresponding 
diameters of sound poles. Poles with hollow hearts exceeding 
8 in. in diameter will not be accepted. If average diameter of 
rot does not exceed 6 in., the butt measurement must be 2 in. 
greater than in the case of sound poles. If the average diameter 
of rot is 7 in., the butt measurement must be 4 in. greater. 

Miscellaneous Defects—Poles with sap rot, woodpeckers’ 
holes, plugged holes, also poles that have been attacked by ants, 
worms, or grubs, are liable to be rejected as unsuitable. 

The treatment of all poles before erection shall be as follows: 
The gains shall be sawn square with the axis of the pole and in 
such a position that, when erected, the curvature of the pole 


WOOD POLE TRANSMISSION LINES 377 


(if any) shall be in the direction of the line. The position of the 
gains is indicated on the accompanying drawing No. ......... 
showing the standard pole construction. The gains shall be not 
less than 9g in. and not more than 7g in. deep; they shall be 
accurately cut so that the cross-arms will have a driving fit, and 
the holes for the 9g-in. bolts securing cross-arm to pole shall be 
bored after the cross-arm has been fitted in position. These 
holes, together with all other necessary holes, as indicated on 
drawings, shall be bored clean and true without splintering. 
The holes for lag screws securing braces to poles shall be bored 
after braces have been fitted to cross-arms; they must be small 
enough in diameter to ensure that the threads of the lag-screw 
shall engage properly in the wood. 

The butts of all poles, together with the gains and tops, shall 
be treated with two coats of coal-tar-creosote oil, heated to 
about 220° F. and applied with a brush. At least 24 hours must 
be allowed to elapse between applications. The painting of 
the butts shall be carried at least 18 inches above ground level. 

4. Cross-arms.—The cross-arms shall be of yellow birch, 
Oregon fir, or long-leaf yellow pine, well seasoned, close grained, 
and free from knots or sap wood. They must be dressed on all 
sides. They must measure 414 in. deep by 31% in. wide, and 
be bored, as indicated on drawing No. ...., with templet, true 
and symmetrical: the holes to be bored clean and without 
splintering. After having been bored, the cross-arms shall be 
painted with two coats of good asphaltum paint. In cases 
where double cross-arms are required, it will be necessary to bore 
the standard cross-arms with additional holes for the 34-in. 
spacing bolts, the position of which is shown on the pole drawings 
previously referred to. 

5. Grading.—An effort should be made to maintain as far as 
practicable an even grade. By carefully choosing the location 
of each pole so as to avoid the highest points and greatest depres- 
sions when passing over uneven ground, it may be possible to 
avoid the use of poles differing in length to any great extent. 
Should it be necessary to shorten a pole, this must be done by 
sawing a piece off the butt end; but unless this is done before the 
treatment with preservative liquid, the butt must receive a 
further treatment with the creosote oil before erection of the pole. 
In some cases where the ground is favorable, the shortening 
of poles may be avoided by digging the hole deeper than would 
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otherwise be necessary. When using shortened poles, and when 
passing over uneven ground, it is important to bear in mind 
that under no condition shall the bottom conductors hang 
lower than 18 ft. above the ground, and when crossing tote 
roads or public footpaths, the minimum distance between wire 
and ground shall be 21 ft. 

6. Pole Setting.— Where poles are set in good solid ground, the 
depth of holes shall be as follows: 


RIS, NOUS Gin RGA MH TANI, o omccocumogscunogaayae 5% it. 
ANS Tithe, YXONSS (OTL SHH UD MNOS koh ay goods ea bas Gas moe Gaetts 
35-ft. poles at corners or where stresses are excessive.. 6 ft. 
45-ft. poles at corners or where stresses are excessive. . 634 ft. 


® 


If the ground is soft, the depth of setting shall be 6 in. greater 
than when setting in solid ground. If the soil is very soft, but not 
such as would be described as swampy, one or more transverse 
logs may be bolted to the-butt of the pole in order to obtain addi- 
tional bearing area. 

When erected in solid rock, the depth of hole shall not be less 
than 334 ft. 

In loose or sandy soil, the sand barrel or its equivalent should 
be used. This must be filled with a firm soil which may contain 
stone or rock. 

In swampy ground the base of the pole must be provided with 
an arrangement of transverse timbers securely braced to the pole, 
in addition to which the hole shall, if necessary, be lined with 
sheet piling and filled with good soil which may contain stones or 
rock. As an alternative, a stone- or rock-filled crib may be built 
round the butt of the pole above ground level. In some cases 
concrete may be used with advantage in the pole foundation, but 
it will generally be found that the use of concrete can be avoided. 

Poles must not be set along the edge of cuts or embankments 
or where the soil is hable to be washed out, unless special precau- 
tions are taken to ensure durable foundations. 

When setting the poles in good ground, the holes shall be dug 
of ample size to allow of easy entrance of the butts, and the size 
at bottom must be large enough to admit of the proper use of 
tampers. When back-filling holes, there should be not less than 
three tampers to one shoveller, in order to ensure that the dirt 
shall be packed tight. In no case must the earth be thrown in to 
a greater depth than 6 inches without being tamped hard before 
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the next layer isthrownin. The proper filling of holes is a matter 
of great importance. When the filling is properly done, it should 
not be necessary to remove any excess soil; this should be packed 
firmly around the pole, the object being to raise the level of the 
ground near the pole and so cause water to drain from, rather 
than toward, the butt. 

When setting poles on a straight run, the lining up should be 
done with a transit, and the poles placed with cross-arms truly at 
right angles to the direction of the line. Where the direction of 
the line alters, the poles at the angles must be set so that the cross- 
arm halves the angle. If the deviation exceeds 5 degrees, the 
corner poles shall be provided with double cross-arms and fixtures. 
When possible, the cross-arms, braces, and other fixtures (but not 
the insulators) should be mounted on the poles before erection. 

7. Grounding.—The proper grounding of lightning rods on 
the pole line is a matter of importance. Judgment must be used 
in determining when and how to ground the poles; but either of 
the following alternative methods will be considered satisfactory, 
provided the soil is reasonably moist: 

(1) A piece of galvanized iron pipe 14% in. in diameter and 8 
or 9 ft. long shall be buried in the hole alongside the butt or driven 
into soft soil, the ground wire being attached thereto in such a 
manner as to ensure a good and enduring electrical contact. 

(2) The ground wire, consisting of 54¢ in. galvanized stranded 
steel cable, after being carried straight down the side of the pole 
and secured with cleats, shall be wound spirally around the butt 
and carried right down to the bottom of the pole. Not more than 
15 ft. of wire should be buried in the ground. 

It is of little use to ground a pole in solid rock, but where a pole 
is set in rock, it may be found that the ground wire can be carried 
down the face of the rock, or in a crevice, to a point where a 
good ground can be obtained. Where grass is growing, the soil 
will usually contain sufficient moisture to afford a reasonably 
good ground. When the ground wire does not enter the ground 
alongside the pole, sudden bends or turns should be avoided in 
the wire connecting the lightning rod with ground plate or pipe. 

It is not intended to provide all poles with lightning rods; 
but, except when the soil is clearly unsuitable for a ground con- 
nection, the poles in the positions described below shall be 
grounded: 
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Both poles supporting extra long spans requiring the double 
pole arrangement as shown on drawing No. .... previously 
referred to. 

The poles on each side of railway crossings. 

All guyed poles. 

The six poles nearest to generating station. 

The six poles nearest to substation. 

In addition to the above-mentioned poles, one pole out of 
every three poles shall be grounded. It is not necessary that 
every third pole be grounded: judgment must be used in deter- 
mining the location of the poles to be grounded. As a general 
rule, it is more important to ground poles on heights and in 
exposed positions than those on the lower ground; but, on the - 
other hand, it is of little advantage to ground where the soil is 
dry or otherwise unsuitable. In exposed positions it may be 
advisable to ground two or more consecutive poles, while in unex- 
posed positions four or five consecutive poles may be left without 
lightning rods. ; 

8. Spans.—The standard length of span shall be 150 ft. - 
Shorter spans must be used at angles and on curves, as mentioned 
inclause9. Ifthe span exceeds 170 ft. the poles must be specially 
selected for strength. No span greater than 190 ft. shall be 
carried on single poles. For longer spans, the double-pole 
arrangement as shown on drawing No...... previously referred 
to, shall be adopted, with a horizontal spacing of 5 ft. between 
wires for spans up to 600 ft.; but spans exceeding 500 ft. shall be 
avoided if possible. 

Railroad Crossings.—(a) The span where line crosses railroad 
shall be kept as short as possible; but in no case must a pole be 
placed a smaller distance than 12 ft. from the rail, except in the 
case of sidings, where the distance may be reduced to 6 ft. At 
loading sidings sufficient space must be allowed for a driveway 
between rail and pole. When possible the distance between rail 
and pole should not be less than the height of the pole, but if 
this spacing requires a span greater than 120 ft., it will be prefer- 
able to place the pole nearer to the rail provided the ground is * 
suitable. If it is necessary to cross the railroad with a span 
greater than 150 ft., the double-pole arrangement as used for 
extra long spans, and as shown on drawing No...... shall be 
adopted. 

(b) In all cases the cross-arms and insulators shall be doubled 
on the poles nearest the rail. 
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(c) The poles at railroad crossings must be set not less than 
6 ft. in the ground (4 ft. in rock). 

(d) If the crossing is at a spot where grass or other fires might 
cause injury to the poles, these shall be provided with a casing 
of concrete at least 2 in. thick, to a height of 5 ft. above ground 
level. 

(e) The clearance between rail and high-tension conductor 
shall not be less than 30 ft., and the poles should be specially 
selected for strength and straightness. 

(f) When crossing over telephone wires, the clearance shall 
be not less than 10 ft. 

(g) The poles at railway crossings must be securely guyed, 
whether or not there is a bend in the line. If a departure from 
the straight run is necessary, special attention should be paid to 
the method of guying. 

(h) The poles on each side of the rail shall be provided with 
lightning rods, and well grounded. Bent iron lightning guards, 
as shown on drawing No...... shall be fixed at each end of cross- 
arm and connected to the ground wire; these will also serve the 
purpose of hook guards, to engage the conductor if it should 
become detached from the insulator. If the nature of the soil is 
quite unsuitable for the purpose of grounding, the lightning 
rod may be omitted; but if the pole is not grounded, two strain 
insulators must be placed in each guy wire securing poles nearest 
to rail; the upper of these insulators being not less than 6 ft. 
distant from the lowest high-tension conductor, and the second 
insulator being not less than 8 ft. above ground level. 

(<) Special attention shall be paid to the tying of the con- 
ductors to the double insulators on the poles at each side of the 
rail. As a protection against damage by arcs over insulators, 
the serving of No. 2 aluminum tie wire shall be carried far enough 
to ensure that the conductor is protected by the serving or tie 
to a distance of not less than 12 in. from the center of insulator. 

(j) In addition to the pole number, the poles on each side 
of the crossing shall bear a label with the Company’s name and 
the voltage (22,000 volts) painted thereon in easily distinguish- 
able characters. 

9. Angles and Curves.—Whenever there is a change in the 
direction of the line, a sufficient number of poles must be provided 
to prevent the angle of deviation on any one pole exceeding 15 
degrees. If the deflection from the straight run does not exceed 
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5 degrees it is not necessary to use a pole with double fixtures. 
When the deflection exceeds 5 degrees, poles with double fixtures 
shall be used, and these must be side guyed. When the “pull” 
at corner pole exceeds 2 ft. the span on each side of pole shall be 
less than 150 ft.; the reduction in the length of span being at the 
rate of about 2!4 ft. per foot of ‘‘pull,”’ all as indicated in the 
table accompanying Fig. 1. Should it be necessary to turn the 
line at a point where space is limited, through an angle greater 


(D ="Pull”) 


sive. Js 


Limit of length of spans on each side of angle pole (standard span = 150 ft.). 


Cpa Dehecione he ee 
feet degres: not to exceed: Remarks 
feet 
Dy 2°-18/ 145 
3 3°—26/ 143 Double fixtures not nec- 
4 4°—36/ 140 essary. 
5) 5°-44’ 1388 
6 6°-52’ 135 
a 8°00’ 133 
; Hee ao Use double fixtures on 
10 11°28’ 125 BOE 
11 12°=38? 123 Side-guy. 
iV 13°-47’ 120 
13 14°—56’ 118 


than 15 degrees, two or more poles with double fixtures ‘may be 
set close together, each pole being side guyed, or securely braced. 
In all cases where there is a departure from the straight line, the - 
poles must be set so that the cross-arms will bisect the angle. 

10. Guying.—The material to be used throughout for guys is 
546-In. galvanized seven-strand steel cable. Where the wire is 
wrapped around the pole, a protecting strip of No. 24 galvanized 
sheet iron shall be put under the wire. The wire shall make two 
complete turns about the pole. 
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The anchoring shall generally be done by burying an anchor log 
from 4 ft. to 6 ft. long, and bolting thereto a 5¢-in. guy rod. 
Other methods may have to be adopted to suit the varying 
nature of the ground, but in all cases it is important to ensure a 
good hold and to see that the guy rod is in line with the guy wire. 
The angle of the guy wire when anchored in the ground shall be 
approximately 45 degrees where circumstances permit. 

No strain insulators shall be used on guy wires, except as called 
for at railway crossings; but all guyed poles shall be provided 
with lightning rod and be well grounded. It is not intended that 
work be done on live wires on guyed or other grounded poles. 
As a general rule all poles shall be guyed before the conductors 
are strung. Poles must be guyed at all points as mentioned 
below: 

(a) At angles exceeding 5 degrees. 

(b) Where the line goes up a 15 per cent. or steeper grade 
(head guys every fifth or sixth pole, or only at top of hill on 
short lengths). 

(c) On hillsides where the footing may be good, but where 
there is danger of slipping stones or soil producing side pressures 
on the pole (side guy). 

(d) At each end of exceptionally long spans, where double poles 
are used. ; 

(e) All poles with double fixtures. 

11. Insulators.—The line insulators will be supplied by Messrs. 
RoR re sk Ps They will be of the pin type, the pins 
having porcelain bases with wood thimbles and 3¢-in. galvanized 
iron bolts for fixing to cross-arms. The pole-top insulators will 
be supported on malleable-iron pole-top pins, and the separable 
thimbles of these pole-top pins will be cemented into the insu- 
lators at the makers’ works. The insulators shall be mounted 
on the cross-arms after the poles have been erected. The pole- 
top insulator pins may be bolted in position before erection of 
pole. 

12. Stringing of Wires.—No. 2/0 seven-strand bare aluminum 
cable will be used throughout. Care must be used in handling 
the conductors, to guard against cuts or scratches or kinks. The 
conductor must not be drawn over rough or rocky ground where 
it is liable to be injured by stones, etc. 

It is important that the cables be pulled up to the proper 
tension so that the sag will be in accordance with the particulars 
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given on the curves Figs. 2 and 3. These curves give not only 
the correct sag at center of span, but also the required tension in 
the cable at the time of stringing. The curves are calculated for 
‘wires subject only to their own weight and hanging in still air. 
In the case of extra long spans, and where the grade is not 
constant, it will generally be found more convenient and quicker 
to adjust the tension by means of a spring dynamometer than by 
measuring the sag. 
The cables must not be pulled around insulator pins on angle 
poles. 
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Fie. 2.—Chart giving tension at which wires should be strung. 


The tie wire shall be No. 2 B. & 8S. solid, soft aluminum wire. 

The tie on straight runs shall be of the type known as the armor 
top, with the conductor in the groove on top of insulator. At 
corners, the tie shall be of the type known as the armored Western 
Union, with the conductor carried around the insulator in the 
side groove. The tie shall be a modification of the type used by 
the Niagara, Lockport and Ontario Power Co., between Niagara 
Falls and Buffalo. The serving of No. 2 tie wire on the conductor 
is for the purpose of preserving the latter from abrasion and from 
damage due to possible electric discharges over the insulator. 
The use of pliers should be avoided in making the ties, except for 
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the final clinching, when they must be used with care to avoid 
cutting or otherwise injuring the conductor. 

When joints are required in the conductors, they shall be made 
with MacIntyre tubes which shall be given two twists with the 
splicing clamps provided for the purpose. 
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Fie. 3.—Chart giving sag in wires when correctly strung. 


13. Locating and Numbering Poles.—All poles shall bear a 
distinguishing number in clear bold figures about 10 ft. above 
ground level. These numbers will correspond with the numbers 
on the plans which will be prepared as soon as possible after the 
poles have been erected in position. * The plans will be drawn to a 
scale sufficiently large to show the location of each pole. 


APPENDIX III 


SPECIFICATIONS FOR STEEL TOWER TRANS- 
MISSION LINE 


These specifications, which are preliminary specifications sub- 
ject to revision in minor details after bids for the various materials 
have been received and considered, cover the construction of an 
overhead transmission line connecting the generating station at 

. with distributing station at . , 

Ristannc of approximately 60 miles as measured along iG eht 

of-way of the transmission line. 


Methods of construction are not dealt with in detail, because 
the work in the field will be in the hands of a competent and ex- 
perienced construction engineer who will be allowed considerable 
latitude in regard to the actual handling of materials and in de- 
ciding upon the best methods to be adopted in the erection of 
towers, stringing of conductors, and other details of practical 
line construction. 

General Description of Line.—Two three-phase circuits of No. 
2/0 equivalent copper cable will be run in parallel on one set of 
steel towers spaced approximately eleven to the mile. The 
towers will be of the semi-flexible type, with rigid strain towers 
at intervals of about a mile, or more frequently where corners 
or extra long spans render their use necessary. A 7¢-in. gal- 
vanized Siemens-Martin steel-strand cable will be carried the full 
length of the line and be firmly secured to the top of each tower. 

The pressure between conductors will be 80,000 volts, and the 
suspension type of insulator will be used throughout. 

Details of entering bushings and methods of connecting light- 
ning arresters at generating and receiving stations are not dealt 
with in these specifications as they come under another contract. 

The proposed line has been staked out by the stadia survey 
party, and the right-of-way secured where necessary. Stakes 
have been driven to indicate proposed location of towers, but 
these positions are subject to modification. 
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The line passes through country that is for the greater part 
uncultivated; the ground is undulating and in some parts wooded. 
A considerable amount of clearing has yet to be done. Roads are 
bad; but the transmission line is within 2 to 3 miles of the railway 
at all points. 

Duties of Engineer in Charge of Construction.—Before the 
work of construction is begun, the construction engineer will go 
over the line as staked out by the preliminary survey party and 
as shown on plan No. ..... herewith. He will take with him an 
engineer equipped with a light transit, and an assistant capable 
of acting as axeman or rodman as circumstances may require. 
The construction engineer will decide in the field the position of 
each tower, making changes in the preliminary plan in the matter 
of tower locations and even to a small extent in the route to be 
followed, if in his opinion such changes will result in a better and 
more economical line. Hub-stakes shall be driven to mark the 
center-point of each tower, and a second stake shall be driven 
about 12 ft. ahead or in the rear of the hub-stake in the direction 
of the line. This is for reference when setting the anchor stubs. 

The construction engineer must check clearances between 
conductor and ground, and on long spans, especially if there is 
doubt as to position and amount of minimum clearance, he 
should take the necessary particulars to allow of the matter being 
settled in the office. After agreeing and checking the alterations 
to plan in the office, the construction engineer will assist in 
making out the shipping schedules for delivery of materiais at the 
most suitable points. 

In regard to the work of erection proper, the construction en- 
gineer will attend to all details of organization of the parties in the 
field, and will study the best means of distribution of materials 
along the line; all with the view of avoiding unnecessary expendi- 
ture, and of carrying out the work expeditiously and in a work- 
man-like manner. Such details as the actual methods to be 
adopted in the erection of towers and stringing of wires will be 
decided upon after discussion with the chief engineer, and after 
due weight has been given to manufacturers’ suggestions. 

Clearing.—On those parts of the line on which clearing is re- 
quired, it is proposed that this work be done immediately after 
the line has been finally staked out. This clearing will extend 
60 ft. on each side of the center line of the right-of-way, and it 
will be carried out under a separate contract. 
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Towers.—Two standard types of steel tower will be used: these 
will be referred to as the strain type and flexible type respect- 
ively. Copy of the specification on which bids will be obtained 
from manufacturers is attached hereto. 

Foundations for Towers.—The use of concrete is to be avoided, 
but in marsh land or loose soil concrete footings may be necessary. 
The decision as to where concrete is to be used will rest largely 
with the engineer in charge of construction in the field. 

When the tower stands on solid rock—which may occur in a 
few instances—the standard footings will not be used; but a 
special wedge bolt, shaped at the top to take the standard tower, 
will be grouted in with sulphur or other approved cement. In 
levelling up on rock foundations, it may sometimes be cheaper 
to build up one or two piers of concrete, securely tied down to 
the rock, rather than level off the rock on the high side. 

In selecting sites for towers, the construction engineer shall 
pay attention to the matter of foundations, and endeavor to 
secure sites where the foundations are good. Hillsides are to be 
avoided, especially where the soil is liable to crumble or slide. 
The matter of grading should also be considered when finally 
selecting sites: much may be accomplished in the judicious selec- 
tion of tower sites by slightly adjusting the length of span*to 
obtain sites which will tend to equalize the grade. 

To facilitate the work of erection, a wooden digging templet 
will be provided, together with a rigid but lght-weight angle 
steel templet to ensure the correct placing of the anchor stubs; 
the latter being bolted to the templet before the work of back- 
filling the holes is commenced. 

The second stake which, as previously mentioned, will be 
driven truly in line with the hub stake, will be used for the correct 
setting of these templets. The steel templet must be carefully 
leveled up in order that the center line of the tower shall be 
vertical. 

Grounding.—In cases where the iron work of the foundations 
is completely encased in concrete, the tower shall be well grounded 
by means of a 10-ft. length of 1-in. galvanized-iron pipe driven 
or buried in the ground, and electrically connected to one of the 
tower legs. When the tower stands on rock, an effort should be 
made to obtain a good ground by carrying a length of the galvan- 
ized guy wire from the tower leg to a rod driven in damp soil at a 
short distance from the tower if a suitable spot can be found. 
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Guying.—Where guy wire is required, the 74,¢-in. Siemens- 
Martin steel ground wire shall be used. When the distance 
between strain towers exceeds 34 mile, one flexible tower situated 
about midway between the strain towers shall be head-guyed 
in both directions. Flexible towers used at corners where 
the deviation lies between 5 and 8 degrees, and the approach 
spans are of normal length, shall be guyed with two guy wires so 
placed as to take the corner strain and resist overturning of the 
tower owing to the resultant pull of the wires. 

Angles.—The semi-flexible support is designed for use on 
straight runs only; but if the deviation from the straight line 
does not exceed 5 degrees, these intermediate supports may be 
equipped with strain insulators and used at corners. For angles 
greater than 5 degrees, but not exceeding a limit of 8 degrees, these 
supports may be used with two guy wires to take the transverse 
stress due to the resultant pull of the wires. [f the approach 
Spans are reduced to 240 ft., an 8-degree curve may be turned 
on a semi-flexible structure without guy wires. 

Strain towers shall be used for turning corners up to 30 degrees; 
but when the total deviation exceeds this amount, two towers 
must be used. 

Erection of Towers.—The actual organization of the various 
crews for distributing material, setting anchor legs, assembling 
and erecting the towers, will be left to the engineer in charge of 
construction, who will so conduct operations as to carry out the 
work efficiently at the lowest possible cost.! 

Insulators.—These will be of the suspension type to comply 
with the requirements detailed in the insulator specification of 
which copy is attached hereto. 

Conductors.—The conductors shall be 19 strand hard-drawn 
copper cables equivalent in section to 00 B. & S. gauge. The 
tensile strength of the finished cable shall not be less than 90 per 
cent. of the strength of the individual wires forming the cable; 
and these shall satisfy the strength requirements of the standard 
specification drawn up by the American Society for Testing 
Materials. 

1Mr. R. A. Lundquist’s book on ‘‘Transmission Line Construction” is 
of special interest to the engineer in charge of construction. Excellent 
articles describing practical methods of construction also appear from time 
to time in the technical press. The article by Mr. A. B. Cudebec on ‘Steel 
Tower Transmission Line Construction” in the Electrical World of July 17, 
1915, contains much valuable information. 
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The electrical conductivity shall not be less than 97 per cent. 
by Matthiessen’s standard. 

The total weight of copper conductor required is estimated at 
800,000 lb. It shall be delivered on drums or reels each contain- 
ing 1 mile of cable. 

Joints in Conductors.—The splices shall be made with copper 
sleeves of the ‘‘MacIntyre” or similar approved type. The 
finished joint shall consist of 3 turns. The tools provided for the 
purpose shall be used in making the joints. 

Spans and Wire Stringing.—The actual method of stringing 
the wires will be left to the judgment and experience of the con- 
struction engineer. It is, however, suggested that three conduc- 
tors be drawn up at a time, using the arrangement of sheave 
blocks known as an “‘equalizer.”’ 

The average span shall be approximately 480 ft. This may be 
increased to a limit of 500 ft. between flexible supports, and to a 
limit of 1200 ft. between two strain towers without intermediate 
supports. It is thought that three or four points on the line may 
advantageously be spanned between two strain towers placed 
from 1000 to 1200 ft. apart. In the case of abnormally long 
spans, it is important to see that the contour of the ground is such 
as to allow of maximum sag while maintaining the specified mini- 
mum clearance between H.T. conductors and ground. 

The clearance between lowest wire and ground shall in no case 
be less than 28 ft. 

The'charts:Noss. 226: ; P10 Mpa aa ts give all necessary particu- 
lars for the stringing of conductors and guard wire at various 
temperatures. The guard wire connecting the tops of all towers 
shall be strung and securely clamped to the steel structure before 
the conductors are drawn up. Dynamometers will be provided, 
and their use is recommended, especially when spans are unequal 
in length, and on extra long spans between two strain towers. 
If an equalizer is used, it is not necessary to insert a dynamometer 
in more than one leg. Special attention shall be paid to the 
drawing up of cables to the proper tension or sag. Too great a * 
sag is almost as objectionable as too great a tension; but it must 
be remembered that where a dip occurs in the line of supports 
there is sometimes a possibility, in very cold weather, of the 
conductor being drawn up (by contraction) above the proper 
level of the lowest insulator. The construction engineer should 
watch for this possibility with a view to guarding against it. 
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When the conductors have been drawn up and transferred 
from snatch block to insulator clamp, it is important to see that 
the suspension insulator hangs truly vertical before finally tight- 
ening up the clamp. 

There will be no transpositions on the H. T. conductors. The 
telephone wires are run on a separate set of wood poles and they 
will be transposed at every support. 


SPECIFICATION FOR STEEL. TOWERS 


These towers are for use on an 80,000-volt, three-phase trans- 
mission line using insulators of the suspension type. It is 
proposed to use two standard types of towers only; these will be 
referred to as the rigid or strain towers, and the flexible towers. 

The strain towers shall be designed with four corner legs and 
square bases, generally as indicated on plan No...... herewith. 
An effort will be made to avoid the use of special structures, and 
where extra long spans have to be carried, two standard strain 
towers may be placed close together. In one or two places it 
may be necessary to use extra high towers, and it is proposed to 
use the standard tower mounted on a special base, generally 
as shown on plan No...... , designed to raise the tower 18 ft., 
or such other amount poe oue to this dimension as may 
best suit manufacturers’ designs. 

The intermediate or flexible type of support will be of the ‘A’’- 
frame design, generally as shown on plan No. ...... Preference 
will be given to a design consisting of few parts, provided this will 
not add appreciably to the cost of transporting the towers over 
rough roads to the point of erection. The parts of all towers 
shall be galvanized when ready for assembling; but, in the case 
of the flexible type of structure, an alternative offer for painted 
steel work will be considered, provided the number of parts is 
small and the section of metal reasonably large. 

The plans referred to, which accompany this specification, give 
all necessary leading dimensions; but the cross-section of the vari- 
ous members and the details of design are left to the manufac- 
turer, who is also at liberty to submit alternative proposals. In 
no case must the distance between conductors be less than 814 
ft. or the height above ground of the point of attachment of 
insulators on lowest cross-arm less than 40 ft. The sections of 
structural steel used for the main corner members of the strain 
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towers or for the main members of the flexible towers shall not 
be less than 14 in. thick, and no metal less than 34¢ in. thick 
shall be used in the construction of these towers. 

Number of Towers Required.—Offers shall be based on the 
following quantities, which are subject to slight modification. 


Flexible towers (plan No. ...... hae tk stanly eeect ae nee eee 592 
Rigid towers (plan No. ...... WP ence A ett ae ae ee 65 
Extension bases (plan No. ...... Weert ie Meee apni s Scene lc 5 4 


Working and Test Loads for Towers.—The normal length of 
span is 480 ft. and the total vertical load per tower, consisting of 
six conductors and one guard wire together with estimated 
possible ice loading and the weight of the six insulators, is 3100 
lb.; but the spans will in many cases exceed the average length. 
The maximum total overturning pressure in a direction at right 
angles to the line, due to wind blowing across the wires, is esti- 
mated at 3300 lb.; this may be considered as distributed equally 
between the points of attachment of the seven wires. The manu- 
facturer should estimate the pressure of wind on the tower 
structure itself by allowing a maximum pressure of 13 lb. per 
square foot of tower surface. <A factor of safety of 244 shall be 
used in making stress calculations. 

One tower of each type shall be tested in the presence of pur- 
chaser’s representative, and must withstand without exceeding 
the elastic limit of the steel, or suffering appreciable permanent 
deformation, the following test loads applied at the points indi- 
cated on the plans previously referred to. These tests are to 
be made with the tower erected on its own foundations in such 
a manner as to reproduce as nearly as possible the conditions 
ander which it will ultimately be erected. 

Strain Tower Test Loads.—(1) A breast pull of 15,000 lb. 
applied in the direction of the line at the point of attachment of 
the middle cross-arm. 

(2) A vertical load of 1000 lb. applied at the end of any cross- 
arm. 

(3) A torsional load of 3500 lb. applied in a direction parallel 
to the line at the end of any cross-arm. 

Flexible Tower Test Loads.—(1) A transverse pull of 4500 lb. 
applied in a direction at right angles to the line at the point of 
attachment of the middle cross-arm. 

(2) A vertical load of 800 lb. applied at the end of any cross- 
arm. 
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Metal steps shall be provided on all towers within 8 ft. of eround 
level for the use of linemen. 

It is requested that manufacturers tendering for steel towers 
call attention to any features of the particular design proposed 
which may tend to reduce cost of transport and erection on site, 
as these are matters which will receive consideration when placing 
the contract. 

Galvanizing Test.—The purchaser reserves the right to reject 
all towers of which the galvanizing is not of the best quality. 
Tests will be made before erection as follows: 

Samples of steel work will be immersed in a solution of sul- 
phate of copper (specific gravity about 1.185) maintained at a 
temperature of 60 to 70° F. After remaining in the solution 1 
minute, the sample will be removed, thoroughly washed in water, 
and wiped dry. ‘This process will be repeated four times, after 
which there must be no appearance of red spots indicating copper 
deposit. 


SPECIFICATION FOR PORCELAIN LINE INSULATORS 


Number of Insulators Required.—The approximate quantities 
required, as based on preliminary estimates are: 


SUSDENSIOME ID Cheats teeter e Peet nor cote aeled,s Ara 4000 
SURAT UVC orice ttre tei eee e ane se Ben est ce Wren eras oe 880 


Climatic Conditions.—The transmission line on which the insu- 
lators will be used is located in the. . . . . . district, where 
severe thunder storms and heavy rain may be expected during 
the summer months, and where sleet storms and low tempera- 
tures are prevalent in the winter. 

Working Voltage.—The transmission is three-phase off delta 
connected transformers, at a frequency of 60 and a maximum 
working pressure of 84,000 volts between wires. 

Design of Insulators.—The design of the suspension type and 
strain insulators is left to the manufacturer, who must submit 
dimensioned drawings or samples with his offer. The units 
making up the strain insulators need not necessarily differ in de- 
sign from the units of the suspension insulators, provided the 
latter are capable of withstanding the mechanical tests required 
for the strain insulators. The towers have been designed on the 
assumption that the weight of one complete string of unit insula- 
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tors will not exceed 60 lb. and that the distance between point of 
suspension and conductor will not exceed 36 in. These limits 
should not be exceeded. It is preferred that the number of 
units in the complete string be not less than three nor more than 
five. 

Metal Parts.—All metal parts subject. to rust and corrosion, 
such as malleable iron castings and steel forgings, shall be heavily 
galvanized and capable of withstanding the usual tests. 

Glaze.—The surfaces of the porcelain not in contact with the 
cement shall be uniformly coated with a brown glaze, free from 
grit. 

Cement.—Pure Portland cement only shall be used in as- 
sembling the parts of the unit insulator. 

Mechanical Tests.—<An inspection will be made of all insulators 
with the object of rejecting those containing open cracks in glaze 
or porcelain. 

One complete suspension insulator, selected at random, and 
consisting of the requisite number of units, shall withstand a load 
of 5000 lb. without rupture or sign of yielding in any part. 

At least three units of which the strain insulators are built up 
shall be tested to the breaking limit, and must withstand an ulti- 
mate load of not less than 12,000 Ib. 

Electrical Tests.—Three or four complete insulator strings, 
both suspension type and strain type, shall withstand without 
flash over a “‘wet”’ test of 200,000 volts. In all cases the electrical 
stress shall be applied for 1 minute, and the spray shall be directed 
upon the insulator at an angle of 45 degrees under a pressure 
of 40 lb. per square inch at the nozzles, the precipitation being 
at the rate of 1 in. in 5 minutes. The suspension insulators 
shall be hung vertically, and the strain insulators horizontally. 

The connection of the test wires shall be so made as to re- 
produce as nearly as possible the working conditions. 

The manufacturer shall satisfy himself by his standard factory 
tests that each unit is sound mechanically and electrically. The 
“dry” flashover of the complete string of insulator units shall 
not be less than 240,000 volts; but this test need not be made in 
the presence of the purchaser’s representative. 

The transformer used for the electrical tests must be capable of 
a reasonably large k.v.a. output; the e.m.f. wave shall be as nearly 
as possible sinusoidal, and the frequency shall be within the 
limits of 25 and 60 cycles. 
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Packing of Insulators.—lIt is desirable that the parts for one 
complete insulator, or at most for two insulators, be packed 
complete in a separate barrel or crate, and that the contents 
be clearly described on.attached label. 

Wire Clamps.—A suggested clamp for use with suspension 


insulators is shown on drawing No... ... herewith; and drawing 
No... ...showsa proposed strain insulator clamp. Makers are 


asked to submit samples or drawings of their standard types, 
preferably of the general design indicated by the above-mentioned 
drawings. The conductor to be carried is an equivalent No. 2-0 
gauge (B. & S.) stranded copper cable; the groove for the wire 
should be slightly curved and flared at the ends. 
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Concrete for tower foundations, 344 
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Distance of transmission (economic 
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Disturbances due to switching op- 
erations, 173 
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Earthing. (See Grounding.) 
Economic conductor section, 48, 55 
considerations, general, 2, 5, 7, 
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ohmic pressure drop, 52, 65 
voltage, 7, 53, 59, 66 
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Gains, 377 
Galvanizing, test for, 393 
versus painting for steel towers, 
41 
Garton-Daniels lightning arrester, 
186 
Glass insulators, 127 
Grade, lines carried up steep, 261 
“Grading”’ horn lightning arresters, 
183 
Grading transmission lines, 377 
underground insulated cables, 
216 
Graphical statics applied to sag-ten- 
sion calculations, 249 
Grounding, methods of, 178, 379, 
388 
neutral of three-phase trans- 
mission, 23, 120 
Ground resistance, 238 
Guard rings on insulators, 177 
wires, 176, 196 
Guying steel towers, 348 
wood poles, 382 
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Hemp core cables, 73 
Horn gap lightning arresters, 180 
-Howard asphalt troughing, 208 
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Ice and snow, effects of, on wires, 5, 
265, 275 
Impedance of power lines. (See Re- 
actance, Inductance.) 
“natural,” 165, 173 
Inadequacy, 61 
Inductance of power lines, 14, 24, 
79, 84, 88, 361 
in terms of capacity, 100 
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Inductance of three-phase lines, 33, 
363 
with any arrangement of con- 
ductors, 34, 361 
Induction, electrostatic (telephone 
interference), 122 
magnetic, 123. (Refer also to 
Inductance; Reactance.) 
Insulation, comparative, of A. C. 
and D. C. transmissions, 
237 
Insulator materials, 127 
Insulators, cost of, 42 
design of, 129, 132, 142, 393 
deterioration of, 162 
“electrose,’”’ 127 
factors of safety, 159 
flash-over. voltage, 160 
glass, 127 
pin type, 131 
porcelain, 127 
rating of, 161 
suspension type, 134 
- testing, 302 
ties for, 302 
weight of, 162 
Interruptions to service, 3, 7, 42 
“Intersheath’’ in insulated cables, 
203 
Iron (or steel) for overhead conduc- 
tors, 69, 71, 83, 301 
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Joints in cables, 228 
in overhead conductors, 
390 
Junction between overhead and un- 
derground conductors, 211 


301, 


K 
Kelvin’s law, 36, 49, 57, 66 


L 
Leads, entering, 143 
Life of poles and towers. 
subject or item.) 
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Lightning arresters, 175 
aluminum cell, 187 
condenser type, 189 
Garton-Daniels, 186 
horn gap, 180 
low-equivalent, 183 
multi-gap, 183 
separation of, 192 
water jet, 179 
protection of overhead lines 
from, 163, 174, 195 
rod, 175 
Line drop, 53, 104, 108, 363 
Loading of wires, usual assumptions, 
270 
Losses in transmission lines, 13, 20, 
22, 56, 57, 64, 110 
cost of, 50, 53, 57, 64, 66 
underground cables, 223 
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Magnetic induction (telephone inter- 
ference), 123. (Refer also 
to Inductance; Reactance. ) 

Materials for conductors, 48, 69 

Mershon diagram, 90 

Modulus of elasticity, 75, 279 

Mosciki condensers, 190 
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Natural frequency, 167 
impedance of line, 165 
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Parabola and catenary compared, 

248 
Patrolling transmission lines, 9 
Permittance, 130 
Physical constants of 

materials, 74 
Pin type insulators, 131 
Pole butts, preservative treatment 

of, 309 

reinforcing decayed, 312 
foundations, 320 


conductor 
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Pole lines, wood, for high pressures, 
4, 48, 303 
typical, 4, 306 
specifications for, 375 
Poles, concrete, 3038, 324 
cost of, 39, 325 - 
factors of safety, 329 
life of, 39, 324 
strength and stiffness of, 327 
weight of, 325 
corner, load carried by, 322 
steel, 4, 37, 301, 303, 329, 334 
wood, 300, 303, 305, 376 
“A” and “H” type, 37, 303 
307 
cost of, 39, 41, 48 
deflection (stiffness) of, 318 
depth of holes for, 321 
factors of safety, 315 
guying, 382 
insulating qualities of, 313 
life of, 39, 304, 307 
preservative treatment of, 
309 
setting (erecting), 378 
spacing of, 3, 37, 321 
strength of, 314 
weight of, 313 
Potential gradient, 131, 147, 149, 152 
‘*Pot-heads,”’ 211 
Power factor, 19, 21, 23, 104, 120 
control of, 115, 117 
of several circuits in parallel, 
120 
of three-phase circuit, 34 
of underground cables, 224 
losses. (See Losses.) 
maximum on a single transmis- 
sion line, 10 
stations, cost of, 60 
total, transmitted by polyphase 
system, 21 : 
by three-phase line, 33 
Preliminary work; planning new 
lines, 5, 387 
Preservative treatment of pole butts, 
809 
Pressure available at intermediate 
points on line, 94 
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Pressure, barometric, at various alti- 
tudes, 155 
control, 112, 116 
drop, 53, 104, 108, 363 
limits on overhead lines, 158 
on underground cables, 201 
rise due to capacity, 29, 109 
rises on lines carrying large cur- 
rents, 165, 197 
surges due to switching opera- 
tions, 165, 173 
Props or struts (wood), 323 
Protection of lines against over- 
voltages. (See Lightning.) 
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Quarter wave length line, 163, 169 
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Radius of gyration (tower design), 
338 
Railroad crossings, 9, 271 
Reactance, 72, 83, 85, 87. 
also to Inductance.) 
of underground cables, 214 
Reactors, rotary, to control voltage, 
aLiLe 
Regulation, voltage, 24, 56, 89, 108 
effect of capacity on, 28 
Reserve steam driven plant at re- 
ceiving end of line, 43 
Resistance in ground connections, 
Os 18t 
insulation, of cables, 213 
losses due to, 14 
necessary to prevent oscilla- 
tions, 166 
of earth as return conductor, 
238 
table (conductor materials), 75, 
76, 85 
to alternating currents. 
Skin effect.) 
Resistivity of cable insulation, 214 
Resonance, 167 
Roof outlets, 143 
26 
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(See 


401 
S 


Safety factors, line insulators, 159 
poles, 315, 329 
towers, 392 
wires, 7, 301 
Sag, aluminum and copper com- 
pared, 298 
calculation of, 251 
effect of wind, ice, and tempera- 
ture on, 281 
with supports at different eleva- 
tions, 257, 260, 290 
Self-induction. (See Inductance.) 
Separation between overhead wires, 
157 
Series system. (See Thury system.) 
Service, continuity of, 3, 7, 42, 125 
Single-phase transmission, 14, 369 
Skin effect, 15, 71, 77, 84, 85 
Sleet. (See Ice.) 
Snow and ice, effects of. (See Ice.) 
Spacing of overhead wires, 156 
of lightning arresters, 192 
Span, influence of, on cost, 39 
length of, 3, 37, 38, 298, 304, 
380, 390 
Spans on steep grades, 256, 294 
Spark-gap lightning arresters, 180 
Sparking distances, 1382, 160, 181 
Specification for steel tower line, 386 
for wood pole line, 375 
Specific inductive capacity, 99, 130, 
213 
resistance of cable insulation, 
214 
Standing waves, 173 
Steel cored cables, 73 
masts or poles, 329, 330 


towers. (See Towers.) 
wires and cables. (See Wire, 
iron.) 


Steep grades, lines on, 261 

Stresses in wires due to wind and ice, 
264 

“String efficiency’ of insulators, 137 

Stringing wires. (See Wires.) 

Struts or props, wood, strength of, 
323 
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Substations, outdoor, 10, 11 
Supports at different levels, 257, 260, 
290 
comparison of various types, 4, 
37, 39, 47, 300, 303 
determining position of, on un- 
even ground, 348 
flexible. (See Towers.) 
Surge impedance, 165, 173 
Surges, pressure, 165, 173, 182 
Suspension type insulators, 134 
Swinging of wires in high wind, 273 
Switchgear, simplicity desirable, 11 
Switching operations, effects of, 173 
Symbols, list of, xvi 
Synchronous machinery to control 
voltage, 116 
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Tank treatment of pole butts, 311 
Telephone circuit, 9, 122 
Temperature, ‘‘critical” (sag calcu- 
lations), 284 
effect of, on wires, 261, 278, 281, 
289 
rise of underground cables, 225 
Tension in wires, 250, 281, 288 
Three-phase transmission, 17, 32 
Thury system of D. C. transmission, 
233 
compared with three-phase, 
238 
losses in, 14, 238, 240 
switchgear required with, 245 
voltage limits, 242, 244 
with ground return, 238, 242 
Ties on insulators, 381 
Tower foundations, 344, 388 
cost of, 41 
lines, limiting angles on, 389 
typical actual, 10 
Towers, steel, 37, 329. 
Poles, steel.) 
cost of, 39, 40 
dead-ending, on flexible lines, 
332 
design of, 333, 336 
erection of, 359, 389 
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Towers, steel, factors of safety for, 
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flexible type of, 37, 331, 343, 
349, 392 


guying “rigid” type of, 348 
height of, 39 


life of, 347 

loads to be resisted by, 330, 
335, 392 

spacing of (spans), 4, 299, 
330, 331, 335 


specification for, 391 
stiffness (deflection) of, 344, 
349 

strength of, 337 

thickness of metal in, 347 

typical designs of, 330 

weight of, 40 

wood, 303 

Transmission lines, cost of, 43 

typical existing, 4, 10 
Transposing wires, 35, 122, 124, 367 
Travelling waves, 170, 190, 196 
Tubes for tower members, 338 
Two-phase transmission, 15 
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Underground cables. 
underground.) 
and overhead systems 
pared, 1, 6 


(See Cables, 


com- 
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Voltage. (See also Pressure.) 
control, 112 
critical, 153 
drop, 52, 104, 108, 363 
economic, 7, 52, 59 
gradient, 131, 147, 149, 152 
grading of underground cables, 

209 

high, on existing lines, 10, 158 
line, formula for estimating, 54 
practical limitations of, 158 
regulation, 24, 56, 89, 108 
rise due to capacity, 29, 109 
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Wall outlets, 143 
Wasted energy. (See Losses.) 
Water jet arresters, 179 
Wave impedance, 165 
length, 168 
Waves, electric, 170, 173, 190, 196 
Weight of conductors, relative, in 
different systems, 20 
Weights. (Refer to subject or item.) 
Wind pressure on poles and towers, 
5, 268 ; 
on wires, 5, 267, 274 
swinging of wires in, 273 
velocities and pressures, 267, 
336 
Wire, aluminum, 69, 70, 298 
with steel core, 69 
copper, 70 
copper-clad steel, 69, 72 
guy, 322 
iron (and steel), 69, 71, 83, 301 
length of, as affected by temper- 
ature and tension, 261, 278 
in span, 254, 259 


materials, physical constants 
of, 75, 279 

table, 76 

tie, 302 

zinc, 83 


Wires, cost of, 46, 48 
relative on different systems, 

19, 238 

deflection of. (See Sag.) 

different sizes of, in same span, 
288 

economic size of, 48, 55. (Look 
also under Economic.) 
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Wires, effect of temperature on, 261, 
278, 281, 289 
of wind and ice on, 5, 265, 
267, 274 
erection of. 
ing.) 
factors of safety, 7, 301 
guard, 176, 333 
joints in, 301 
loading of (usual assumptions), 
270 
reactance of, internal, 82, 85 
resistance of, 75, 76, 84 
sag of. (See Sag.) 
scrap value of, 63 
separation of (spacing), 156 
stringing, 46, 140, 383, 390 
swaying of, in wind, 273 
telephone, 9, 122 
tension in, 250, 281, 288 
transposition of, 124, 367 
weight of, 75, 76, 85 
relative, for different systems, 
; 20 
Wood poles. (See Poles.) 
pole lines for high voltages, 4, 
48, 303 
typical, 306 


(See Wires, string- 


Y 


Young’s modulus, 75, 279 
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Zine as a material for overhead con- 
ductors, 83 
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SUPPLEMENTARY INDEX 
TO FORMULAS, CURVES, AND TABLES 


For use in connection with practical transmission line calculations 
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Cables, underground, design of (example)......................... 221 
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Wood poles. (See Poles, wood.) 
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